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WALL TEMPERATURE DISTRIBUTION CALCULATION FOR
A ROCKET NOZZLE CONTOUR

SUMMARY

A concept is presented which allows the calculation of the temperatures
along a thrust chamber nozzle contour on the hot gas and on the coolant flow-
side. Also considered is a regenerative coolant flowing in the opposite or the
same direction to the chamber reaction products. Coupling of the boundary
layer equations for the hot gas-side with the regenerative cooling equations pro-
vides the results. Since the new analytical model has been integrated into the
JANNAF Turbulent Boundary Layer computer program, the thrust degradation,
due to the viscous effects close to the wall, is simultaneously obtained. The
calculation is started with approximated temperature distributions for the hot
gas-side wall and the coolant flow. Iterations within the computer program are
executed until the heat transfer rates from the boundary layer to the wall and
from the wall to the coolant are equal. Kinetic inviscid flow conditions for
the boundary layer edge are considered by means of table inputs representing
the variation of appropriate parameters. Since the chamber wall thickness
and the coolant flow channel geometry are part of the analysis, optimization
studies can be performed for these parameters by consecutive computer runs.
A sample calculation, utilizing the new concept for a small area ratio high
pressure thrust chamber, is included.

INTRODUCTION

The calculation of various turbulent boundary layer thicknesses in the
thrust chamber and the temperatures of the gas-side wall, the regenerative
coolant-side wall, and the coolant fluid along the thrust chamber contour is
simultaneously made, by considering the heat exchange between the combustion
product flow in the thrust chamber and the coolant flow in the cooling jacket.
The Turbulent Boundary Layer Computer Program TBL-I [1] has been modi-
fied to carry out the calculation by using a new concept in which the boundary
layer equations are coupled with regenerative cooling equations.

The steady-state conditions that are considered require the temperatures
of the combustion products, the chamber walls, and also the heat flux through



the walls to remain constant at any point in time. It is assumed that heat
transfer occurs only by convection and conduction from the hot combustion
products to the thrust chamber wall, neglecting the radiation. However,
inclusion of radiation is not difficult, if the emissivity of the combustion pro-
ducts and the Stefan-Boltzmann constant can be accurately determined; since
the total specific heat flux from the hot gas into the chamber wall is composed

of the convective (ic and the radiant dr heat flux,

The coolant fluid in this analysis flows through the tubes or channels in the
opposite or same direction to the combustion products, receiving the heat by
convection and conduction. The heat exchange takes place simultaneously in
many small sections which have an arbitrary length along the contour of the
thrust chamber, accounting for the gas phase turbulent combustion product
flow, the temperature of the thrust chamber wall material, and the temperature
of regenerative coolant flow. The temperature distributions obtained from

the first iteration are internally used as initial values for the second iteration.
Iterations are performed until convergence is obtained. Since the influence of
the coolant transport properties on the resulting temperatures is quite signifi-
cant, it is important to use pertinent values especially in the supercritical
region of the coolant fluid, The empirical relationship of the heat transfer co-
efficient for computing the heat exchange with the coolant flow significantly af-
fects the results as well as the Stanton number of the combustion products [1].

The methods to calculate the various turbulent boundary layer thick-
nesses in the thrust chamber are explained in detail in the documentations of
TBL [2] and TBL-I [1], and only the fundamental equations and concepts of
the calculations improving the latter TBL-I computer program are outlined
in this report. The concept is demonstrated for a regenerative coolant flowing
in opposite direction to the combustion products. The alternate equations for
the coolant flowing in the same direction are explained in the section entitled
Same Direction Coolant Flow,




FUNDAMENTAL EQUATIONS FOR THE BOUNDARY LAYER

The integral momentum and energy equations in axisymmetric form
[2,3] for compressible turbulent boundary layer flow are:

1/2 [}
d_Ct A o L D - 1)
x 2 dx U dx p U dx
o8} K @
1 dr
- —— , 1
Ll (1)
and
- H 1/2
d¢ Haw dr \?
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where the displacement thickness o , momentum thickness 6 and energy
thickness ¢ are identified as follows:

6!
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and has a form of the Blasius relation [1]
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with the following Reynolds number based upon the momentum thickness
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is calculated using the formula [1]
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Velocity and enthalpy profiles across the boundary layer are assumed to follow
the relationships:
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The definition of enthalpy is

T
H= f c dr (15)
, P



hy =H+ = 5 (16)
2
Tw

H = | & coarT . (17)

The adiabatic wall enthalpy Haw is defined as

Hy, B+ (P)Y' -
W [es]
H = U 2 . (18)
0 «
H +
@ 2

The density p within the boundary layer is obtained from the perfect gas equa-
tion, assuming that the pressure is constant across the boundary layer:

(19)

where the temperature T is calculated via the velocity and enthalpy distribu-
tions, equations (11), (12), (13), (14), and (16). The boundary layer calcu-
lations use the Runge-Kutta Gill solution method for given parameters at the
boundary layer edge such as x, r, MOO , Pm . T00 s UOO, and 1. The only

unknown parameter is the wall temperature ng in equation (17).

EQUATIONS FOR THE REGENERATIVE COOLING CYCLE

As shown in Figure 1, the coolant flows in an opposite direction to the
combustion products of the thrust chamber, The regenerative fluid enters




downstream with a lower temperature and a higher pressure than at the injector
head, since heat is continuously transferred from the combustion products to
the coolant through the chamber walls. ng denotes the gas-side wall

temperature, TW the coolant-side wall temperature, and T ’ the coolant
)3

bulk temperature at an arbitrary station x with x = 0 at the throat (Figs.

1 and 2). We consider the case in which the heat is transferred only by con-
vection from the hot combustion products to the chamber wall and that the
direction of heat flow is normal to it. Since steady-state conditions are treated,
the temperatures of the combustion gas and wall and the specific heat flux
through the walls remain constant with time at any given point.

The five fundamental equations representing the cooling cycle, includ-
ing an empirical relation for the heat transfer coefficient of the coolant, are
as follows:

1. Specific heat transfer rate on the gas-side,
=h (T T , 20
qWl g ( aw wg> (20)

where hg is the heat transfer coefficient in a gas and Taw is the adiabatic

wall temperature.

2. Heat transfer coefficient in a gas related to the Stanton number which
is calculated in TBL-I,

Haw - HW
aw wg |}

where

P is the.free stream density,

Um is the free stream velocity,



CH is the Stanton number,

Haw is the adiabatic wall enthalpy,

HW is the wall enthalpy,

Taw is the adiabatic wall temperature,

and

[ng]j is the input wall temperature or calculated wall temperature.

3. Specific heat transfer rate through the wall by conduction,

q =r ——— ) (22)

where xw is the thermal conductivity of the wall material and t is the wall

thickness.

4. Specific heat transfer rate into the coolant,

¢ = T -T , (23)
w3 f( WI 1)

where h! is the heat transfer coefficient for the cooglant.

5. Empirical relation of the heat transfer coefficient for the hydrogen
coolant flow [4] is a modified Colburn equation. For any other coolant flow,
a similar relationship must be utilized including the effects of curvature,
associated turbulence, and surface roughness of the tubes represented by the
enhancement factor Mg The accuracy of the enhancement factor significantly




affects the heat transfer calculation and the resulting wall temperatures.
Since this effect is coupled with the cooling fluid heat transfer coefficient, it
is evident that the physical property information must be very precise.

A T 0455

1 0.8 p0.4 1
h = 0.025 - R % PYe? n . (24)
L Dibe 0 % \Tw E

The above equation is valid for temperature ratios T /T 2 between 1.44 to
yi

9.2, where the Reynolds number and the Prandtl number of the coolant-are

defined as follows:

p, U D
1 1
Reynolds number, R = L L ‘tube . (25)
i p,z
pw C
JJ
Prandtl number, P = 2L pt . (26)
r A
{ £
Mass flow density, p, U, = pl(x) Ui(x) . (27)
. . -9 fA 1/2 .
Equivalent tube diameter, D, 2( tube/ﬂ) (28)
Coolant bulk viscosity, #,= K, (Tﬂ , Pressure ) . (29)



Coolant bulk specific heat, Cplr- sz <T£ , Pressure) . (30)

Coolant bulk thermal conductivity, A=A (Tz , Pressure) . (31)

For steady-state conditions, the heat flux through all three realms must
be constant,

qwl = qwz = qw3 = qW‘ = constant . (32)

Unknowns in equations (20) through (24) are qw' , ng , TWI and T, .
In equation (21) hg is independently calculated when ng is given, Com-

bining equations (20), (22), (23), and (32) results in

xw hw
h2 l+€?1—‘g T£+—£— Taw
- 3
Tw A A ’ (33)
G A . .
t J th
g
and
7\w
h T +—=—T
g aw t W,
T = .
we X (34)
h o+ —
g t

Derivations of the above equations are shown in Appendix A. Thus, the solu-
tion can be obtained by considering equations (20), (21), (24), (33), and (34),

(Table 1). The flow chart to compute Twl (x), ngc(x) , Tlc(x) , and

10




(iw' (x) is shown in Figure 3 where the subscript c¢ denotes the internally
calculated temperature.
At the beginning of the calculation, the coolant bulk temperature distri-
bution is approximated. The coolant-side wall temperature TW at an axial
{

distance x is obtained according to iterations in statement (2) of Figure 3a.
The gas-side wall temperature ng is calculated from equation (34); how-

ever, to differentiate between the input table values of ng , the subscript
¢ is added in statement (3) of Figure 3a, The term '(':1w' , which differs from
the qW output of TBL-I, should coincide with qW after the iteration is com-

plete, In statement (5) of Figure 3a the coolant temperature is calculated by
using its previous iteration values. The derivation of the equation in statement
(5) is shown in the section entitled Internally Calculated Coolant Bulk Tempera-
ture.,

After obtaining ngc(x) and T !c(x) at each table point of x, the

values of Tl(x) and ng(x) to be input for a successive iteration are deter-

mined as follows:

(1,6 , - e ol (35)

and

[ng(x)] - ngC(X) ; [ng(X)] 1 (36)

In repeating the preceding calculation, we obtain values of [T jz(x)] 5 and
[ng(x)} 5+ This operation is applied until a desired convergence outlined

in a later section is achieved.

11



INTERNALLY CALCULATED COOLANT BULK TEMPERATURE

For simplicity, assume that the inner wall of the thrust chamber con-
sists of a single wall and not of tubes, Let us consider an arbitrary section i
in Figure 4 and calculate the coolant temperature at X, s which is the distance

along the nozzle axis, Section i contains the surface area between B and D,

as shown in Figure 4,

X =xi—Ax,1,whichisx
1

i-1 (37)

A b]

and

= + A X which is x
a1 N i2° S¥xp o

where the step sizes A X1 and A x12 are arbitrary,

A x,
The inlet temperature of the coolant at section i is Tl (Xi + 212>,
Axy
2
the cylindrical surface area of section i between B and D is

and the outlet temperature is T ’ (Xi - > . The heat transfer rate through

L] ' —
(:Q () - on r(xi) q, (Xi) Axi (39)
wh i cos o (xi) ’
where
AX, +AX
- il i2
A% = 5 , (40)

12




and a(xi) is the angle between the chamber wall and the nozzle axis at X,
The wall radius is r( xi) and (iw'(xi) is the specific heat transfer rate as
shown in equation (32). The outlet temperature of the coolant at

AX,

X=X, - 211 in section i is calculated by
1

Tf (Xi ) Axﬂ) ) [Tl(xi)] i + [Ti(xi + Axiz)]j QW(Xi)

)= . 4 -7 pﬂ(xi) , (41)

2 mIC

where [T Z(Xi)] i and [T l(xi + .Axi 2):] j are either previously determined

coolant bulk temperatures or initial input values. The value r'nlZ is the cool-

ant flow rate and C__( xi) the mean specific heat of the coolant between B

pl

and D, Then Tlc(xi) is approximated as

T, (%) = (42)

where the subscript ¢ denotes a calculated value compared with a previously
determined value or the initial input number. Combining the above three
equations results in

[Tﬁ(xi):l i + [Tﬁ(x,1 + Axiz):lj T r(xi) qw' (xi) A>_<i

Tlc(xi) = 2 -t ﬁ’ll sz(xi) cos Ol(Xi)

. (43)

This is the internally calculated coolant bulk temperature. For real thrust
chambers composed of tubes or channels, a cooling efficiency 7 should be
applied to the second term on the right side of equation (43) to account for the
real geometry effect. Thus,

13



TIC(Xi) _ [T[(Xi)] i+ [:1()(1 + AXiz)] ig . ﬂm;(;(;)l(i‘:;) (j;z; 2(;21)

. (44)

However, the cooling efficiency 1 should be equal to one, if the empirical
relationship in equation (24) is based upon real thrust chamber data and not
upon a single tube experiment.

To start the calculation, a coolant flow temperature distribution must
be given or approximated to obtain T lc(xi) through iteration by equation (44).
The initial value [T I(Xi)] for successive iterations can be obtained internally
2

from

I:sz(xi)]2 = ' > . . (45)

Successive iterations are made until the desired convergency is obtained, i.e.,
the computation is completed when the total heat transfer rate through the
chamber wall on the gas side SUMQDA in TBL-I and that on the coolant side
[equation (48)] (represented by SUMQWI in the present computer program)
become equal. The specific heat transfer rates through the walls on the gas

side (EIW = QW in TBL-I) and the coolant side (éw‘ = QWI in the present com-

puter program) at each section are simultaneously equal, Now the coupling
of the regenerative cooling cycle and TBL-I [1] is completed.

SEQUENCE OF CALCULATION

The numbers of the items that follow in this topic correspond to those
in Figure 3a. The calculation sequence at station x = x4 progresses as follows:

1. As shown in the flow chart of Figure 3a, the coolant bulk temperature
[Tﬁ(x)] and the gas-side wall temperature distribution [ng(x)] must be
0 0

14




input to initiate the computation, where the subscript 0 denotes the first
approximated value. The gas-side wall temperature [rwg( x):l 0 is used to

obtain the heat transfer coefficient on the gas side hg( x) at each station

according to the equation below:

b (x) =5 (1) T_(x) € () o)~ ) (46)
x}=p_(x} U_(x X ) =] . , 46
g @ T (%) [ng( )]j

aw

where j= 0 denotes the first overall iteration loop. Each parameter except
I:ng(x):l i on the right side of the above equation, is calculated by the

equations shown in equations (1) through (19), or is input. The velocity
U (x) is the only input parameter in equation (46) which remains constant

during all iteration at each local station,
2. The wall temperature on the coolant side TW and the heat trans-

)]
fer coefficient of the coolant flow hl are calculated by small internal iteration

loops, because equation (33} is implicit,

AW A
B A1+ NPt Ty
T = - { equation 33)
w A A
! b1+ |+
) 4 .ith t
g
and
A, [Tl] \ 0.5
= 0.8 pl.4 . equation 24
h, = 0.025 R ¢ P - T (equ )
tube 1 f wl

Since each parameter in the previous equations is a function of the axial dis-
tance x , the argument x is dropped for simplicity purposes. The subscript
j identifies the iteration number with j= 0 indicating the first iteration.

15



3. The new gas-side wall temperature ngc is obtained from equa-

tion (34)
A
B Ta +_‘tN_‘ TWI
ngc = & 2% : , (equation 34)
h o+ ——
g t

where the subscript ¢ denotes a calculated value, The h_ in equation (34)

is still based upon the input wall temperature on the gas side | ng i° The

coolant-side wall temperature T, 1n equation (34) has been obtained previ-
?
ously.

4, The specific heat transfer rate is obtained by any one of equations
(20), (22), or (23) because of their equivalence represented by equation (32).
Equation (20) is selected here,

[ - :
q,=h, (Taw ngc) . (equation 20)

Another specific heat transfer rate based upon the input gas-side wall tempera-
ture is obtained from

a,=h <Taw - [ng] j) .

The hg term in both equations is based on the temperature [ng] i When

the overall iterations are completed, the following condition must be satisfied:

qw= qW , because ngc = [ng]j .

16




5. The coolant bulk temperature has to be corrected at this point by
considering the heat transferred at section i with the respective x = X, and

the input coolant bulk temperatures.

. ' -
[Tl(xi)] j+ [Ti(xi+Axiz)] i mrql Ax
T, == ' S

Lc 2 m, sz cos o
(equation 44)

Derivation of this equation was shown previously.

6. New temperature approximations for the bulk coolant and the gas-
side wall are predicted, for use in the succeeding overall iterations, from

[Tz(x)] i+l e +2[T£(X)]j ,

[ng(x)] j+1 ngC(X) - [Ewg(x)] :

2

The above procedure from steps 1 through 6 is repeated at each local
station x = X.s and the two total heat transfer rates through the wall are com-
pared at the end of every overall iteration loop station x= X XTAB (Fig. 3b).

A solution is obtained when the two values fall within a small tolerance,

<
= Tolerance ,

17



N
The expression Z QW will be described in equations (47) through (51) and
i=1
N ~
is identified as SUMQWI in the computer program, whereas Z Qw is based
i=1

upon (iw and denoted as SUMQGA. As long as convergence is not attained,

iterations must be continued with new estimates of [T l(x)] i and

+1
[ng(x)] ot
TOTAL HEAT TRANSFER RATE

The heat transfer rate through section i, between B and D in Fig-
ure 4 is Qw(xi) according to equation (39). The surface area of this wall

section is

2n r(xi) A X,

cos a(xi) ’ (47)

Summation of the heat transferred up to section i =N is equal to
N *
L9 (48)
i=1

This amount is the heat which is transferred through the chamber walls

Ax

between x=x; and x=x_ + into the coolant per unit time, and not

N

t = L]
up to X = X

18




The heat transfer rates through the initial and the final section of the
contour are those through the area between C and D, and B and C, respec-
tively, Figure 4. Heat transfer rate through the initial section i=1

AXyo .
between x =x; and x=x1+——é-4-2 is

, T (%) 4 '(%) A Xgg
& () = e ~ (49)

w cos a(xq)

whereas for the final section at x= x[XT AB

. T X(XxrAB) qu (*xTAB ) *NXTAB 1

U (X[XTAB) - €08 & (Xx 7 Ap) - (50)

Integrating the heat transferred from point x; to XxTAR Per unit time results

in

IXTAB -1

1 Qw(x1) ¥ Z= . Qw(xi) * Qw (XIXTAB) y (51)

The coefficient 1 is used to account for surface area geometry effects; i.e.,
1 = 0.5 for double pass cooling if only one path is considered. The above
amount at x = XIXT AB must coincide with the total heat transfer rate calculated

from the gas phase final iteration value. The latter amount has been denoted as
"SUMQGA'' = "SUMQDA*y'"" whereas the former, equation (51), will be desig-
nated as ""SUMQWI''. These two values are not the same at an intermediate
section x = xi because '"SUMQGA'' in TBL-I is the amount between x = x

and x = X whereas '"SUMQWI'" is obtained between x = x; and
Ax,
2

=x, + Iterations are performed until the following convergence is
1

obtained:
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SUMQGA - SUMQWI
SUMQWI

< Tolerance

SAME DIRECTION COOLANT FLOW

We have considered the case of the coolant flowing in an opposite direc-
tion to the combustion products. Now the coolant bulk temperature calculations
are described for the coolant flowing in the same direction as the combustion
products. Since rocket nozzles have been built with coolant flow passages in
either direction and combinations thereof, the up and downstream coolant flow
simulation of this new concept provides a capability for sectional treatment of
changing the cooling cycle patterns. Equations in the section entitled Internally
Calculated Coolant Bulk Temperature which must be replaced for the downpath
simulation, are shown as follows: In changing the arrow of the coolant flow to
point in the same direction as the combustion products in Figure 4, the tempera-
ture of the coolant leaving section i can be determined by

T, <Xi +Axiz> _ [T (5 1)]23 L7 ()] i, (%) (52)

2 n'lﬁ sz(xi)

Ax,
where the argument X, + > 12 represents the coordinate at the coolant outlet

location in section i. This equation must replace equation (41).

The coolant bulk temperature to be calculated at x = X is obtained in

a way similar to equations (42) and (44),

T, (xi s Axi2> + [ (4 )] zf [sz o

T, (xi) = 2 p (53)

[Tl (xi _ 1)] j + [Tl (Xi)] i, Qw(xi) (54)

n 2, C oy (%) ’
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with 7 as the cooling efficiency due to geometry effects. Since the coolant
flow temperature in this case increases toward the nozzle exit, the tempera-
ture input tables must be arranged correspondingly.

DOUBLE PASS COOLING

In carrying out the calculation for a double pass cooling jacket with
coolant flowing downstream initially and upstream afterwards, we assume, at
first, that the nozzle wall consists only of down-pass tubes engaged in the
heat transfer process. A correction is made to the analysis by a cooling
coefficient nn which represents the surface area exposed to the hot gas covered
by the downstream cooling tubes, compared to the total surface area. Then,
the upstream pass calculation is executed in the same fashion neglecting the
downstream coolant flow part. With each heat transfer calculation process,

a wall temperature profile is provided. In order to determine the real tempera-
ture profile for the nozzle wall on the hot gas side, an average from the two
temperature profiles can be determined.

The cooling coefficient 1 is usually less than unity for the double
pass cooling jacket. For coolant flowing in one direction, the cooling coeffi-
cient may exceed a value of one, since the wall surface area per unit length

may be greater than the circumferential area due to the ripples formed between
adjacent cooling tubes.

In the computer program an option indicator will identify which type
of coolant flow direction should be considered in the analysis:

IDUMP = 0 Coolant flow upstream
IDUMP =1 Coolant flow downstream

Modifications made to the existing TBL program are shown in Appendix B,

EXAMPLE

In this section of the paper the previously described new concept is
applied to a thrust chamber nozzle similar to the Space Shuttle's main engine.
A common chamber down to an area ratio of ¢ = 7 is coupled with different
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nozzle extensions expanding the combustion products to an area ratio of €= 35
or €= 150 depending o low altitude or vacuum operating conditions, Figure 5,
The nozzle contours were optimized according to Rao's method (5, 6] to pro-
vide maximum performance. Since a common chamber, Figure 6, was con-
sidered for both engines, the orbiter contour had to be modified as indicated

by the dotted line in Figure 5. In the thrust chamber liquid hydrogen and oxy-
gen react at a mixture ratio of 6.0 at a pressure of 3020 psia (212. 33 kgf/cm?),
resulting in a stagnation temperature of 6600°R (3667°K). The free stream
inviscid flow parameters serving as boundary layer edge conditions such as
Mach number Moo , static pressure Pco , static temperature T(Jo and mean

molecular weight 9, were obtained from the Two-Dimensional Kinetics (TDK)
computer program [7].

First, only the combustion chamber expanding the reaction products
to an area ratio of € =7 is considered. In this section the chamber wall is
regeneratively cooled with liquid hydrogen which flows in an opposite direction
to the combustion products. The input data for the modified computer program
are shown in Table 2 and Figure 7. The cross-sectional area variation of an
individual cooling tube, assumed values for the gas-side wall temperature,
and coolant bulk temperature as functions of the axial nozzle length, are pre-
sented in Table 2 and Figures 8 and 9. When a study is performed to optimize
the cooling jacket geometry, the cross-sectional area in Table 2 and Figure 8
must be changed in each separate analysis. From such a parametric analysis,
the best cooling tube geometry can then be selected. In the present example,
however, the jacket geometry is fixed. Table 3 represents the relationship
between the specific heat at constant pressure and temperature of the combus-
tion products in the boundary layer. In order to determine the coolant flow
heat transfer coefficient, the specific heat, thermal conductivity and viscosity
for an expected pressure range between 4500 psia and 6000 psia (316. 38 kgf/cm?
and 421.84 kgf/cm?) for the coolant fluid must be established as functions of
temperature. The input data based upon References 4 and 8 are specified in
Table 4, Additionally required input data can be found in Table 5. The calcu-~
lated temperature distributions on the hot gas-side, liquid coolant-side and the
coolant are plotted in Figure 10. The total heat transferred through the cham-
ber wall without considering an enhancement factor is 10 580 kcal/sec
(42 000 Btu/sec), whereas the local specific heat flux is exhibited in Figure 11.
The velocity and temperature boundary layer thicknesses are presented in
Figure 12 and the momentum and energy thicknesses are plotted in Figure 13,

The most important result from a performance aspect is the boundary
layer displacement thickness é* , Figure 14. This parameter, significantly
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affected by the wall temperature, reveals by how much the wall contour, iden-
tical to the inviscid flow border streamline, must be displaced to allow the
same mass flow condition. A negative sign of 6% means a displacement of
the inviscid-flow contour towards the thrust chamber centerline.

If the density across the boundary layer is constant, the profile of the
mass flow density pu is in principle similar to the velocity profile, Figure
15a. However, if the density varies the mass flow density overshoots its
free stream value meoo , especially when the wall is highly cooled, Figure

15b. The dotted line in either schematic denotes the mass flow density pro-
file for inviscid flow. Results from the present analysis indicate that the dis-
placement thickness 6* is negative for the most part of the combustion cham-
ber to compensate for the strong cooling effect, Figure 14. The performance
deficiency represented by a thrust loss, Figure 16, down to an expansion ratio
of € =7 is already quite large according to the equation [ 1,2, 3]

— 2
AF = [27rr pm‘ Uoo' f cos 01] exit 1—3 T

The corresponding loss in specific impulse is shown in Figure 17.

To investigate the effect of variable and constant properties necessary
to calculate the coolant flow heat transfer coefficient, an additional analysis
was performed using constant values for the specific heat C ol = 3.75 Btu/

1bm°R, thermal conductivity A, = 0.0000288 Btu/ft s °R and the dynamic

J
viscosity By = 0.0000065 lbm/ft s which represents mean values between

the temperatures of 50°R and 550°R. In comparing the results in Figure 18
with the ones obtained for variable properties in Figure 10, it is evident that
the wall temperatures are higher at the throat and lower at an expansion ratio
of € ="7. This study clearly outlines that most accurate input data must be
used to perform a reliablée analysis.

Only the chamber section down to an area ratio of €= 7 has been dis-
cussed. Now, the nozzle extension for the booster engine ranging from an
area ratio €=7 to €= 35 is treated. For convenience, this nozzle contour
has been selected, although an analysis for the orbiter nozzle contour would
be similar, The booster nozzle wall is also cooled by the hydrogen in a



double pass cycle. The coolant enters 564 tubes of an area ratio of =7,
flows toward the nozzle exit area (€ = 35) and is then turned upstream. The
wall thickness of each tube varies from 0. 18 to 0.25 mm toward the nozzle
exit. All required input data for the downstream and upstream analysis are
shown in Tables 6, 7, and 8. The resulting wall temperature distributions
presented in Figure 19 are considerably different for both cooling paths and
exhibit a minimum in the down-pass section, where the coolant bulk tempera-
ture reaches a value of approximately 140°K (250°R). At this state the
hydrogen possesses a maximum specific heat or highest cooling capacity.

In the real nozzle the temperature differences between the down and up-pass
cooling tube will come to an equilibrium temperature through lateral heat
transfer at each local station. Therefore, an arithmetic mean of the different
temperatures will represent the real nozzle temperature more realistically,
Figure 20. The individual displacement and momentum thicknesses are pre-
sented in Table 9, whereas their averaged values are plotted in Figures 21
and 22. The total performance degradation, expressed in thrust and specific

impulse loss at the nozzle exit, resulted in A FB L. = 4.742 tons (10 470 1bf)

and AISP = 7.687 s (Fig. 23). Heat absorbed by the coolant fluid between

the injector face and the nozzle exit (e = 35) amounts to 27 000 kecal/s

(107 000 Btu/s). This method was also applied to identify the area of ice
formation (wall temperatures less than 460°R) inside the J-2 engine; since
deposition of ice crystals along the nozzle exit periphery were observed during
altitude simulation test firings.!

CONCLUSION

A new method has been presented by which the hot gas-side and the
coolant flow-side wall temperature distributions, as well as the coolant fluid
temperature variation of a regeneratively cooled thrust chamber, can be deter-
mined. The analytical formulation is based upon a coupling of the boundary
layer equations with the heat transfer process through the nozzle wall and
the coolant flow heat absorption. The new concept has been incorporated into
the existing JANNAF Turbulent Boundary Layer (TBL) computer program.

A sample case showing the application of the new calculation process for a
thrust chamber similar to the Space Shuttle booster engine, has also been
outlined, Since several empirical relationships such as the friction coefficient
of the hot gas-side wall, the Stanton number, and Colburn's equation for the

1. Analytical Prediction of Ice Formation Inside the J-2 Engine Nozzle
Contour (200 K Thrust Level). Memorandum S&E-ASTN-PP (72M-5)
NASA, Marshall Space Flight Center, January 1972.
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\ coolant flow heat transfer coefficient were used and no adjustments for the

‘ coolant flow turbulence and channel curvature were made, the results are
only approximate. In addition, this new model could serve as a convenient
tool for the design of an optimum cooling path and channel geometry concept.
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TABLE 1. REGENERATIVE COOLING EQUATIONS

q'=h(T -T )
w g aw wg

HaW - HW
By = PoUs CyT - [T ]
aw wg | j
0. 55
. )
— 0«8 0,4 ——
h, = 0,025 R,"® P " = g
tube Y £ wﬂ
A, A,
B\ T [Tf]]+TTaW
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(equation 20)

(equation 21)

(equation 24)

(equation 33)

(equation 34)




TABLE 2,

INPUT DATA FOR COMBUSTOR

Static
1 X Y Mach Number Pressure Temperature
1 -0.950725 0.802083 0.220976 422396.766 6476.89%4
2 ~0.914726 0.801277 0.221523 422122.793 6476.810
3 -0.842728 0.794779 0.225972 421622, 242 6475.952
4 -0.770730 0.781616 0.235435 420527.219 6474.074
5 -0.734732 0.772440 0.242420 419691.812 6472.632
6 -0.662734 0.748573 0.262271 417197.340 6468.317
7 -0.590736 0.716937 0.292080 413116.426 6461.215
8 ~0.554738 0.699832 0.309721 410519.758 6456.660
9 -0.518739 0.682727 0.329208 407496.906 6451.318
10 -0.446740 0.648511 0.375117 399765.176 6437.497
11 -0.410741 0.631406 0.402511 394762.754 6428.419
12 -0.374742 0.614301 0.433805 388714.000 6417.295
13 ~0.302744 0.580085 0.513023 371954. 164 6385.611
14 -0.266745 0.562980 0.565406 359875.809 6361.932
15 -0.230746 0.545875 0.628830 344318.844 6330.417
16 -0, 194747 0.529072 0.696138 327004.102 6293.651
17 -0.158749 0.515094 0.766393 308263.379 6251.739
18 -0.122750 0.504252 0.839565 288302. 387 6204.368
19 -0.086751 0.496347 0.915600 267383.355 6151.280
20 -0. 057200 0.491945 0.980160 249697.223 6103.208
21 0. 000000 0.488583 1.193460 193860.369 5926.078
22 0.003573 0.488618 1.227370 185645. 486 5888. 241
23 0.007256 0.488720 1.260930 177689.357 5850.416
24 0.011012 0.488901 1.293320 169966.758 5814.319
25 0.014858 0.489160 1.325760 162435. 506 5777.151
26 0.018786 0.489507 1.358830 155083.424 5738.689
27 0. 022785 0.489942 1.392170 147900. 947 5699. 396
28 0.030987 0.491104 1.459980 134013.490 5617.924
29 0.035185 0.491842 1.494590 127297.204 5575. 459
30 0.043767 0.493650 1.565680 114299.943 5486.489
31 0.048149 0.494735 1.602360 108015.929 5439.801
32 0.057091 0.497290 1.678320 95879.731 5431.590
33 0.061650 0.498775 1.717660 90029.727 5289.898
34 0.070945 0.502210 1.799740 78774.162 5180.797
35 0.080477 0.506314 1.887080 68127.430 5063.229
36 0.095255 0.513926 2.005430 55677.686 4903.150
37 0.110036 0.522159 2.016620 54371.307 4891.896
38 0.125698 0.531066 2.035810 52354.768 4868.906
39 0.150196 0.545269 2.056660 50226.030 4845.773
40 0.186436 0.566752 2.087750 47251.451 4810.424
41 0.222098 0.588215 2.108640 45296.231 4788.942
42 0.257291 0.609630 2.133830 43109.654 4760.864
43 0.292175 0.631064 2.157400 41165.610 4734.703
44 0.326872 0.652552 2.183230 39155.333 4704.890
45 0.361499 0.674113 2.206210 37436.992 4678.748
46 0.396154 0.695748 2.228720 35824.066 4652. 945
47 0.430941 0.717480 2.251510 34260.629 4626.427
48 0.465973 0.739363 2.274500 32744.594 4599. 258
49 0.501365 0.761452 2.297430 31295.269 4571.973
50 0.537202 0.783776 2.321400 29851.381 4543.057
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TABLE 2. (Continued)

Molecular Coolant Wwall
1 X Y Velocity Weight Coolant Area Temperature Temperature
1 -0.950725 0.802083 1175.830 13.590460 0. 000053330 460. 000 1360. 000
2 -0.914726 0.801277 1178.720 13.597353 0.000053330 450. 000 1360.000
3 -0.842728 0.794779 1202.300 13.597646 0.000053330 430.000 1360. 000
4 -0.770730 0.781616 1252, 440 13. 598282 0.000053000 410,000 1360.000
5 -~0.734732 0.772440 1289,430 13.593768 0.000052500 398.000 1360.000
6 -0.662734 0.748573 1394.480 13.600157 0.000051100 380. 000 1360. 000
7 -0.590736 0.716937 1551.980 13.602585 0.000049800 366.000 1360.000
8 -0.554738 0.699832 1645. 040 13.604074 0.000049100 350. 000 1360.000
9 -0.518739 0.682727 1747.700 13.605855 0.000048500 340.000 1360. 000
10 -0.446740 0.648511 1988.940 13.610415 0, 000047100 320.000 1360, 000
11 -0.410741 0.631406 2132.440 13.613397 0.000046500 312.000 1360.000
12 -0.374742 0.614301 2295.920 13.617002 0.000045800 303. 000 1360. 000
13 -0.302744 0.580085 2707.390 13.627159 0.000044400 287.000 1364.000
14 -0.266745 0.562980 2977.420 13.634497 0.000043700 280. 000 1368. 000
15 -0.230746 0.545875 3301.920 13.646259 0. 000043000 270.000 1370.000
16 -0.194747 0.529072 3643. 090 13.658344 0.000042400 262,000 1372.000
17 -0.158749 0.515094 3995.360 13.672035 0.000041700 255,000 1374. 000
18 -0.122750 0.504252 4357.770 13.687345 0.000041000 247.000 1380. 000
19 -0.086751 0.496347 4729.150 13.704345 0.000040868 240,000 1380.000
20 -0.057200 0.491945 5040. 040 13.719516 0.000040868 232.000 1375. 000
21 0.000000 0.488583 6035.780 13.765060 0,000040868 222,000 1320. 000
22 0.003573 0.488618 6186.780 13.768245 0.000040868 221,000 1310. 000
23 0.007256 0.488720 6334.890 13.771604 0. 000040868 220.000 1300.000
24 0.011012 0.488901 6473.390 13.790009 0.000040868 219.500 1295. 000
25 0.014858 0.489160 6612.360 13,799884 0.000040868 219.000 1285. 000
26 0.018786 0.489507 6752.420 13,809909 0.000040868 218.000 1280. 000
27 0.022785 0.489942 6891.970 13.820396 0.000040868 217.000 1272.000
28 0.030987 0.491104 7170.700 13. 842066 0.000040868 216.000 1255. 000
29 0.035185 0.491842 7310.530 13.852492 0. 000040868 215. 000 1250. 000
30 0.043767 0.493650 7592.250 13.872702 0,000041000 214,000 1235.000
31 0.048149 0.494735 7734.490 13.883344 0.000041100 213,000 1225.000
32 0.057091 0.497290 8022.470 13.905751 0.000041400 211,000 1220.000
33 0.061650 0.498775 8168.540 13.915809 0.000042000 210. 000 1210.000
34 0.070945 0.502210 8456.700 13.936370 0. 000042400 209. 000 1200. 000
35 0.080477 0.506314 8770.780 13.958197 0, 000043200 207.000 1188.000
36 0.095255 0.513926 9166.640 13.987167 0.000044000 205.000 1180. 000
37 0.110036 0.522159 9205.220 13.993980 0.000045200 202.000 1170.000
38 0.125698 0.531066 9270.930 13.996067 0.000046000 199. 000 1155. 000
39 0.150196 0.545269 9342.800 14. 000566 0.000047700 194.000 1145. 000
40 0.186436 0.566752 9449.400 14.003944 0.000050000 188.000 1145,000
41 0.222098 0.588215 9522. 320 14, 006823 0.000052500 182.000 1160. 000
42 0.257291 0.609630 9607.770 14.009449 0,000055000 178.000 1180.000
43 0.292175 0.631064 9686. 870 14,012815 0, 000057200 172.000 1180. 000
44 0.326872 0,652552 9771.880 14.015822 0.000059400 167.000 1170. 000
45 0.361499 0.674113 9847. 080 14.018885 0.000061800 163.000 1164. 000
46 0.396154 0.695748 9919.870 14,021893 (.000064000 160,000 1150.000
47 0.430941 0.717480 9992.570 14.024915 0. 000064000 155.000 1140.000
48 0.465973 0,739363 10065.200 14,027241 0.000064000 152.000 1125.000
49 0.501365 0.761452 10136.800 14.029441 0.000064000 150.000 1113.000
50 0.537202 10210.600 14.031649 0, 000064000 144,000 1100.000

0.783776
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TABLE 3. Cp—T RELATIONSHIP OF COMBUSTION PRODUCTS
I Specific Heat Temperature
(Btu/lbm s) (°R)
1 0.6199999973 400,000
2 0.6550000012 800.000
3 0.6799999997 1200.000
4 0.6950000003 1400.000
5 0.7049999982 1600.000
6 0.7199999988 2000.,000
7 0.7282169983 2500.000
8 0.7282169983 3000.000
9 0.7282169983 4000, 000
10 0.7282169983 5000,000
11 0.7282169983 5850.000
12 0.7282169983 5926.078
13 0.8833189979 6103. 208
14 0.8843249977 6151. 280
15 0.8854160011 6204.368
16 0.8893399984 6403.409
17 0. 8902480006 6451, 318
18 0.8906119987 6470.760
19 0.8907269984 6476. 894
20 0. 8920999989 8000.000
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MZETA=n

IPRINT

IXTAB
ICTAB
ITWTAB
TO = T,
PO = P,
GAMO = 7,
ZMUO = p,
ZMVIS
ZNSTAN

DXMAX

THETAI = Oi

PHII=¢

EPSZ

RBAR

FJ

1l
.

DESCRIPTION OF PROGRAM INPUT

Input Data

Exponent in velocity profile power law

Print option at every calculated point (= 1)
or at input intervals (= 0)

Number of points in x=f(y) and x=g(M_) tables
Number of points in Cp = f(T) table

Wall temperature option = 1 (must be input)
Stagnation temperature, °R

Stagnation pressure, lbf/ft?

Stagnation specific heat ratio

Stagnation viscosity, lbm/ft-s

Exponent of viscosity temperature law
Boundary layer interaction exponent
Maximum step size

Initial value of momentum thickness, ft
Initial value of energy thickness, ft

Geometry option - Axisymmetric = 1.
Plane = 0.

Gas constant at stagnation, ft-1bf/°R-lbm

Conversion factor between thermal and work
units = 778. 2, ft-1bf/Btu

Acceleration of gravity = 32. 174, ft-1bm/1bf-s?
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SCALE

ITZTAB

IDUMP

FLOWRT

MASSL

RAMDW = A
w

COEFCL= g

TUBEN

(ii)

60

Specific C
p

XITAB
YITAB
ZMTAB
PETAB
TETAB
UETAB
SMTAB
ALTAB

TLTAB

Contour scale factor

Number of points in temperature versus C__, Al

p!
and u y table

Coolant flow option
Same direction = 1
Reverse flow =0
Combustion chamber mass flow rate, lbm/s
Coolant mass flow rate, lbm/s
Thermal conductivity of the chamber wall, Btu/ft-s°R

Cooling coefficient (surface area effect)

Number of cooling tubes

Input Tables
(CPTAB) versus temperature T (TITAB)
Axial distance, ft
Radius, ft
Mach number Mm at boundary layer edge
Static pressure P_  at boundary layer edge, 1bf/ft?
Static temperature Tm at boundary layer edge, R
Velocity U_ at boundary layer edge, ft/s
Mean molecular weight Il at boundary layer edge
Cross-sectional area of each cooling tube, ft?

Assumed coolant temperature [Tl] , °R
0




TWTAB Assumed wall temperature on the gas-side [ng] , °R

0

THITAB Wall thickness of the cooling jacket, ft

(iii) TZTAB Coolant temperature table used to obtain C ,, A

and By o °R
CPLTAB Coolant specific heat C

RAMTAB Thermal conductivity of coolant A

pt’ 2

, Btu/lbm-°R
pd

L Btu/ft-s°R

ZMYTAB  Viscosity of coolant 4, Tbm/ft-s

DESCRIPTION OF PROGRAM OUTPUT

The following parameters are printed out in addition to the original TBL
computer program results [3]:

RBAR =&/
PRANDT = Pr
GAME = y_

SMOL =91

COSAL = cos a(x)

DELFA = AFB, L.

THRUST = F
DEFTHR = AF/F x 100

TBLISP = -Al
sp

THRUSA

VISP =1
vacuum

Specific gas constant, ft-1bf/1lbm°R

Prandtl number of the free stream

Specific heat ratio at the boundary layer edge
Mean molecular weight, 1bm

Cosine of the wall angle

Thrust degradation due to turbulent boundary
layer effects downstream of the throat only, 1bf

Vacuum thrust, lbf
Percent of thrust degradation

Specific impulse loss due to turbulent boundary
layer effects, s

Thrust at sea level, lbf

Vacuum specific impulse downstream of the
throat only, s
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AISP =1
psea level

DMASSL=p, U,

QW1=<iW'

REYL = R
€
SUMQGA

SUMQWI

TEMPRL=T /T
w £

y
TLCA=T
fc
TWGCA=T
wgce
TWL=T
w

£

DIATUB = 2~ Atube/‘rr

THICK =t

Specific impulse at sea level of the throat only, s

Mass flow density of the coolant fluid, 1bm/ft’-s

Heat transfer coefficient of the coolant fluid,
Btu/ft>-s°R

Specific heat transfer rate based upon calculations
for the coolant flow side, Btu/ft’-s

Reynolds number of the coolant fluid based upon
tube diameters

Total heat transfer rate, Btu/s

Total heat transfer rate (includes cooling flow
calculation), Btu/s

Temperature ratio

Calculated coolant temperature, °R
Calculated wall temperature on the gas side, °R
Calculated wall temperature on the coolant side, °R

Equivalent diameter of the cooling jacket, ft

Chamber wall thickness (input value), ft

George C. Marshall Space Flight Center
National Aeronautics and Space Administration
Marshall Space Flight Center, Alabama, February 11, 1972
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APPENDIX A

DERIVATION OF EQUATIONS (33) AND (34)

Using equations (20) and (22) with equation (32), we obtain

A

W
hg(Taw - ng) Tt (ng - ij) )

Rewrite the above equation, as

T

=
-
+

4

A
t .
we S . (equation 34)
w
t

=
+

Equations (20) and (23) reduce to
hg(Taw - ng) =h, (TWI - T!) ’

so that

o

=a

hw xw {
hgTaw+ t TW - hg+t_ Taw_h—<Tw —Tl) '

o3¢}
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Therefore,
)‘w WV
BVt )T Taw
T = 2 . (equation 33)
w A A
U AR
t Ji th
g
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APPENDIX B

TBL MODIFIED COMPUTER PROGRAM LISTING (TBLREG)

D
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TPF3eBAKCON

(ol

66

10

i1

SUBROUTINE BARCON BARCOOOI
BARCON == CONTROLLING SUBROUTINE BARC0002
COMMON /COOL/ I1COOLsIDUMP,ITZTABsALICOEFCLICPLWDELXBA,DIATUB, /co0L/

i FLOGRT yMASSL 4PRANDL JRAMDL +RAMDW ,REYL ¢SUMQGA,SUMQW], /COOL/

2 THICK s TLOTLY 4 TL24TLCAZTOLITEZTUBEN,TWGCA,ZMYUL, /C00L/

3 CPLTAB(20)sRAMTAB(20),TZTAB(20),ZMYTAB(20), /€00L/

4 ALTAB(ICO) s THITAB(10C) »TLCTAB(100)TLTAB(100), /cooL/

5 TWGTAB(100) /C00L/
REAL MASSL /C00L/
COMMON /[NPUT/ onMAX.lcTAa.lPRxNT.lTwTAe.1XTAB.MZETA.DXMAX. /INPUT/

A EPSZsFJUsGsGAMOSPOPHIT o PIE«PRANDT.RBARVSCALE.TO) /INPUT/

K THETAI ,TOLCFA,TOLZET ,TOLLME,ZMUO,ZMVIS ,ZNSTAN /INPUT/
COMMON /INTER/ CFAGToCFAGPsCHPARL 4DX4sDXRHOWHE 4HW, IBEGsMZETAM, /INTER/

A OOMZET 4PHIP,PRELO3sRHOEYRHOUE 4RMZETATHETAP, /INTER/

K XIBASE JXIEND 4 ZETATM ZMZETA yZMZETM ,ZMZETP /INTERY/
COMMON /LOOKUPZ ICXsIMXyIPXo RXyISXsITPOSIITWXSITX2IUXeIXPOSsIYX,y /LOOKUP/

1 TZXsCCX(6) sCMXIE) sCPX(6) sCRX(E) (CSXLO) sCTWX(S) /L00OKUP/

2 CTX(6)sCUXL6) 4 CYXIE)CIX(6) /LOOKUP/
COMMON /NHANCE/ 1EX2CEX(6)4ENHTAB(100) /NHANCE/
COMMON ,UUTPUT/ BDELTA,CF,CH,DELTA,DELSOT ,DELSTR,FLAT ,FORCE ,HG /OUTPUT/

A PEsPH] s @WoSUMQOASTE s THETAWTWLUE o X o XLARCL, YR Z1 s /QUTPUT/

K 224323,Z44254,ZETA+2ZME /0UTPUT/

"COMMON ,TABLES/ PETAB(100),SMTAB(100),TETAB(100),TWTAB(100), /TABLES/

1 VETAB(I00) s XITABLL100) 4 YITAB(1D0)ZMTAB(100) /TABLES/

DIMENSION DPHIRK(4),DTHERK(4)XCCP(100?,YCCP(10G)

IF (1C0QL «EWe O) GO TO 11

ITER = ¢

ITER = [TER + |

ARITE (&41) ITER

FORMAT (1H1435X,S4HREGENERATVE COOLING WALL TEMPERATURE ITERATION
1] NUMBER,13/771777777)

MIETAM = MZETA = |

IMZETASMZETA BARCOO31
IMZETP=ZMZIETA+L,. BARCOD32
INIETMSZMZETA=1e BARCOD23
RMZETA=|4/ZMZETP . BARCO034
UOMZET=) ,/ZMZETA BARC0023S
X=X[TAB(1) BARCOD36
DX®0. BARCO037
KLARC=Q, BARCO038
SUMGOA=0. B8ARCO039

SUMYuA = G0
SUMWW] = 00
FORCEmQ, BARCOO40
FLAT=0, BARCOCH




[aN alal

19,

ow : = O
HG s 00
JXPOS=]

ITPOS
Icx =
lEX
IRX
18X
Tux
I1ZX =

IMX=Q

I1TX=0

IPX=Q

Iyx=0

1THX=Q
DXRHO=Q,

1BEG n 2

CFAGTY s 002

ISTART = 0

IF (THETA]l +LEe 0e08) GO TO 2
ZETA = (PHI1/THETAI)*eRMZETA

o

Co0O000 s

G0 TO 3

CALL STARY

ISTART = ]
CFAGP » CFAGY

IF (1C00L «EQ@, O) GO TO 4

PELXQL .= 0«0 R I
DELXNE = ABS(XITAB(2) = XITAB(1))
PELXBA = (DELXOL ¢ DELXNE)/2,0

AL = ALTAB(1)

TLL = TLTAB(L)

THICK = THITAB(1)

TLZ2 = TLTAB(2)

TLO = TL}

CALL XNTERP. (TL1+ZMYVUL9ZPoI1ZXsTZTAB,ZMYTAB,ITZTAB4CZX,ITPQS)
ITPOS = 312X

PDIATUB = 2:0¢SQRT{AL/PIE)

REYL = MASSLODIATUB/(AL®TUBEN®*ZMYUL)

PH] = PHII . - -
THETA = THETAIL

X1BASE s XITAB(1)
XIEND s XITAB(IXTAB)

IF (IXTAB JLEe L} GO YO )5 .

DXRHU » (XI1TAB(2) = XIBASE)/Z10.0D

CALL_ BARPRO(1}) e

CALL BARPRO(5)

TWGTAB(1) = TWGCA

TLCTAB(L) = TLCA

CALL XNTERP ( X, YRy YRP» IYX, XITAB, YITAB, IXTAB, CYX, IMX

SAVE INITIAL Y AND DELSTR.

DEL = DELSTR
YMIN = YR

ONOC - = SQRT( Is + YRP ® YRP |

BARCOO42
BARCQOO43
BARCO044

BARCOO4S
BARCOO44
BARCOO47
BARCOO48
BARCOO49
BARCO0OSO
BARCOOSI
BARCOOS52
BARCGO53

BARCOQSé

. BARCOOS7

BARCOOS58
BARCOO0S9

BARCO062
BARCOO63

BARCOOS6
BARCOO67

BARCOO68
BARCQO69
8ARCOQ70
BARCCO71
8ARCO072
8ARCO073
BARCOQO74
BARCOO7S
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3000

3001
I6

43

44

45

40

62

6¢

XCCP(1) : a X + DELSTR ¢ YRP / ONOC
YCCP(1) s YR = DELSTR / ONOC
IF (1XTAB eLEs 1) RETURN

DO 201 = IBEG,IXTAB

XNEW=XITAB(])

IF (1C00L +EQe O GO To 16

AL = ALTAB(I) -

THICK = THITAB(I)

DELXOL = ABS(XITAB(I) = XITAB(l=1))
IF (1 +«GE. IXTAB) 60 To 3000
DELXNE = ABS(XITAB(I+1) = AITAB(I))}
TLO = TLTAB(I=1)

TLL = TLTAB(]D)

TL2 = TLTAB(]+1)

Q00 TO 3001

DELXNE = Q60

TLO = TLTAB(]=1)

TLLI = TLTAB(I)

TLZ = TL1

DELXBA = (DELXOL + DELXNE)/Z2.0

XMAG = (ABS(XNEw) + ABS(X)1/2.0
DXINTaXNEW=X

NX = DXINT /7 DXMAX + 099
IF {NX «GTe 0O) G0 7O 18

NX = |

INX=NX

DXSDXINT/INX

DX02=0x/2.

OXRHOsDX /10,

DO 30 INX=],NX

PHIOLD=PH]

THEOLD®THETA

XoLD=X

OPHIRK(1)eDXePHI]IP
DTHERK (] )sDXeTHETAP

X=XOLD+0DX02

DO 40 IRK®2,4

IF (IRK oNEs 4) GO TO 44

X = XOLD + DX

IF (ABS((X = XNEW)/XMAG) oGTe leOQE=6) G0 TO 43
X ®» XNEw

PHI = PHIQLD + DPHIRK(IRK = 1)
THETASsTHEOLD«DTHERK (IRK=1)

Q0 TO 45

PHI = PHIOLD ¢ DPHIRK(IRK = 1)*0450
THETASTHMEOLD+DTHERK(IRK=1)#45

IF (PHI JLE. 0.0) G0 TO 42

IF (THETA oLEs 0s0) GO0 Y0 62

CALL BARPRQ(IRK)
DPHIRK(IRK)sDX*PHIP

DTHERK(IRK) = DX®THETAP
PHIBSPHIOLD*(DPHIRK(1)+2¢%DPHIRK(2)+248DPHIRK(3)+DPHIRK(4}) /6,
THETAXTHEOLD+(DTHERK (L)} +29DTHERK(2)+2¢oDTHERK(3)+DTHERK(4)) /60
IF (PHI o+LEs Qe0) G0 TO 62

IF (THETA «GTe Qe0) GO TO 72
WRITE(6,63) X, ZME, THETA, PHI

BARCOO76
BARCOO77

BAaRCO080

BARCODB82
BARCOODS83

BARCOOB6
BARCO087
BARCOOS8S8
BARCQO89
8ARCO090
BARCOO?1
BARCOOQ92
BARCO092
BARCOO94
BARCOO95
BARCOO96
BARCO097

BARCO104
BARCO10%

BARCO108
BARCO113
BARCOL 4
BARCOL17

BARCOl1l8

BARCO121




[aNaN ol al

[a} AN AN oW all al

[a N oW ol ol

7

4

7

8e

&3

2

9

30

20

9

85

FORMAT ( 41H ®*8ARCON FAILUREese AXIAL DISTANCE X = , IPEL14e7s
1 65X+ LIHMACH NQs = , E1447s 2Xy BHTHETAIL =, ElaeT7, 2X»
2 6HPHILl =, El4e7 / 44H THETAL OR PHI] CUMPUTED AS NEGAT

BARCO122
BARCO12)
IVEBARCO124

3 OR ZERO /7 &64H *CHECK CONTOUR AND MACH NUMBER DISTRIBUTION TABLESBARCO12S

4 FOR ERRURS./ 110H *MORE INPUT POINTS MAY BE REQUIRED TO ADEQU
5LY DESCRIBE DERJVATIVE VALWES ALONG THE CONTOUR AT THIS POINT.
6 9aH oA SMALLER RUNGE=KUTTA STEP SIZE MAY BE REQUIRED T0 ADPEQ
TELY APPFOYIMATE IMTEFCRATICM VRALUFS

onbl wafFEO L)

CALL QUITS

CALL BARPRO(1)

SELECT MINIMUM Y AND [TS CORRESPONDING DELSTK.

IFIYReGT«YMIN) GO TO 29
DEL = DELSTR
YMIN = YR

IF (IPRINT oLEe 8) GO TO 30
CALL BARPRO(S)

CONTINUE

CALL XNTERP ( Xs YR YRPs 1YXs XITaBs YITABs IXTABs CYX, IMX )
ONOC = SYRTL Je + YRP ® YRP )

XCCP(]) = X ¢+ DELSTR » YRP / gNOC

YCCP (I = YR = DELSTR 7/ ONOC

IF (IPRINT «GTe Q) G0 TO 20
CALL BARPRO(S)

THGTABLI) = TWGCA

TLCTAB (L) = TLCA

CONTINVE

YMIN = aINIMUM Y VALUE FOR NOZZLE.

VEL = QELSTR CORRESPONDING TO MINIMUM Y (THROAT)
RPOT = THE PQTENTIAL THROAT RADIUSe

RPUT = ymIN = DEL

WRITE(6,10G0) RPOT

NORmatL 12 TagLE OF CORRECTED CONTQUR POINTS USING THE POTENTIAL
THROAT RADIUS.

XcePti) = Xcepll) / RpPOT
YCCPiL) = YCCPCL) / RPOT
B0 79 I = IBEG,IATAB
KCCP(I) = XCCP(I) /7 RpOY
YCCP(]) = YCCP(1I)/RPOTY

“RITE(6,1001)

IF (ISTART oLEe O) GO TO 85

WRITE (6,1010) XCCPI1)YCCPII) o (] XCCPUE) YCCP(}) 2 I=1BEG,IXTAB)
GO TO B84

WRITE(S,5020) ( 1o XCCP{I)y YCCP(])sy I = 1y 1XTAB )

IF (ICooL +E@s G) KETURN

IF (ABS((SUMQDASCOEFCL = SUMGWI)/SUMQWIl) LT, ToLITE) RETURN

ATEBARCOL126
/ BARcO127
VATRARCO)28
RARCILI 2y
BAnCusavu
BARCO131

BARCO134
8ARCO135
BARCO136
BARCO137
BARCO138
BARCO139
BARCO140
BARCO142

BARCO145
BARCO146
BARCOL47
BARCO148
BARCOL149

BARCO153
BARCO154
BAKCO155
8AKCO1%7
BARCOLS58
BARCD159
BARCO160
BARCOL61
BARCOl62
BARCO163
BAKCO1 464
BARCO165
8ARCOL166
BARCO167
BARCU168
BARCO169
BAKCO170

BARCO173
BARCOL74

BARCO179
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DO 87 | = 1,IXTAB R
TATAB(I) = (TWTAB(I) « TWGTAB{I)})/2.0
SB87. TLTIAB(I) = (TLTAB(I) + TLCTABLLI)1/240

GO0 10 10
1000 FORMAT(1H1,29X,4 HTHROAT RADIUS CORRECVED FOR DISPLACEMENT , BARCOLl81
1 LIHTHICKNESS ®=,IPE1548//) gARCO182

1001 FORMAT(1HO2+29X:48HTABLE. OF NORMALIZED CONTOUR PGINTS CORRECTED FORBARCOL83
1 23H DISPLACEMENT THICKNESS // 37X,10HDATA POINT,10X,1HX,24X,1HY/)BARCOLBY

1010 _FORMAT (. 40Xas 6HM = lss 4Xs 1PELIS5e8s 10Xy E1S.8 / ( 40X, 5, BARCQ185
1 SXy E15e8s 10Xs EL1548 ) ) BARCO186
1020 FORMAT ¢ 40X, 154.5X, lPE}5.8s )0X, E}5.8 ) BARCO187
END BARCO188
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~— SUBRQUTINE BARPRO {TWOF~

¢
“COMMON ZCOFTIF/7 ITFINToAFINTBFINTH)CFINToMMENT o TFINT /COFLIF/
C
COMMUN 7C00L7 TCOUL s TOURP, ITZTAB ALY COEFCL,CPLDELXBASDIATUBY TyCeoLs T
1 FLUWRTHASSLY PxANDL.ﬁAﬂuL.aknow.R£VL.5unuuA.sunqu;._1599}/
- "2 ) THICK s TLOWTLE9TLZ,TLCA, TOLITE, JUBENITHGCAZHMYUL, /cooL/
3 CPLTAB(20) yRAMTAB(20) 2 TZTAB(20),ZNYTAB(20), /c00L/
S R S T RETABVTUUY g THITABTIO0! , TLCTABULOG) , TLTAB(100) /C00L/
Y THGTAB(100) /C00L/
— REAL MASSL ’” sco0L/
C
CORMON 7CSEVAL/ NUCTAB, T5,RUJ,FJI6,CU6,6HI02,u0GHT ,PORAX,CPOHO, — /CSEVAL/™
A sa, TLTAB(ZD).CPTAB(ZO)oBCP(ZU).CCP(ZD).DCP(ZD). /CSEVALY/
e K : v GT‘BTYﬁT]HflEIzcl BAKBI(20) ,0ARB2120)6ARBI1ZOD /CSEVAL/
C
T CUMAQON /INPUT/ TOAMAX 4 TICTAB IPRINT I TWTAB,IATABIMLETA,VXMAK) /7INPUTY/
A EPSZIFJsGsGANDIPOIPHIT, PIE.PRANDT RBARSCALETO,  /INPUT/
K Tntrnl-TOLLFA.TOLLET.TﬁL1ME.ZnU§.4nv15.zNSTAN /INPUTY/
C
*"tUﬁnuN/7TNTtﬂ7‘tFI—T—trIGP“tﬁPIWI DXy DAXRHO yHe 1 iy IBEG,MZETAM, T 7INTER/
OOUMZET s PHIP,PRELOI,RHUE s RHOUE ¢RNZETA THETAP, ZINTER/
'*'“—*'K B TTXTBASE JXIENDYZETATH,ZNZETA,ZMLETM ,LMZETP T 7 /INTER/
C
CORAGN 7LOOKUP7 TCK IRKS IPRs IRAISKa i TPOS, 1 Tek i T TUX, 1XFO5»1YK,y /LOUKUF/™
IZXICLXE6) 1CMAC6)sCPREO) s CRX16D 4COXM6)4CTXl6),  /LOOKUP/
raat TTx 16T, CUX{8) 4 CYRK16T,CLX(6) ) /LOOKUP/
C
- COMMON /NHANCE/ TEX CEX16) JENHTAB(100) T T /NHANCE/
C
CUMAGN Z0UTFUT/ BUELTASCFsCH,DELTA(DELSOT ;DELSTR\FLAT,FORCE NGy  /OUTPUT/
A PE PRI UW,SUMGDAITE s THETA THLUEs Ay KLARCIYRy 21y /OUTPUT/
K T T I TINTE YIS LETALINE /0UTPUT/
C
COMMON FSAVEUZ AWB, Tyl 2210Ps212,212P2213,213Ps4144215,2169217  /SAVED/
C
TOUNNON 7TABLES7 PETABVIUOT »SHTABITOUT TETABT100) 2+ TETASITOO0)» /TABLES/
! UETABCLUG) s RITAB(IQUI YITAB(L00) »inTABL100) /TABLES/
g e = e S S ° - BRAARS
VIMENSION ZINTPRiig)
—-"  DATA (ZINTPRUTITsy T ® 1,000 76AZI4 =,6HZI5 =,4HLi6 =, 6HZIT =,
A 6HZ1IP =,6HZ]; =,6HZ12 =,6n213 ®=,6HZi2P =,6HZI3P =/
- . AL ML LR M4 —
GO TO (4,493,445} IND
—%- CALL ANTERPUXy ZWE, ZWEP. TWX: XITAB, ZHTAB, [XxTAB, Ccux, jxPos}

IXPOS=IMX
TCALL ANTERP (XS TEITEP o1 TX XITABYTETABIXTABSCTX,s1APOS)
CALL XNTERP (X PE'PEP 1 IPRoXITABIPETAB,1ATABCPXy IXPOS)
TALL XNTERP (K UE uEPIUKKRITABVETAB IXTAB,CUX,14POS)
CALL ANTERP (X4SMUL_4sSMOLP, lSK.KlTAB.SHTAa.lXIAhoCSK.IXPOS)

T T UKLLTSEVALTTZ VESCPEIRET T

RBAR = 1545.0/5M0L
ROJ = RBAR/FJ
GAME = CPE/(CPE = gOJ)
PRANDT ® HeQ®GAME/ (T¢0®GAME = 5000
UE202 = UE®UE/2+0
HEPSFJG®*CPE®TEP

_ RHOE=PE/TE/RBAR

SDIAGNOSTIC®  THE TEST FOR EGUAL]TY BETWEEN NON~INTEGERS MaY NOT Bg MEANTNGFUL

7 IF (DXRHO «NEs 0s0) GO TO 201 R ) o
RHOEP = Qo0
G0 To 210 :

- o7 IF Tx +GT. XI8ASET G0 10 203

71



21 = RHOE
- “Z3kl, T T
G0 To 204
“"203  CalL ANTERP (X=DARWO,Z4 3 Z4P, iPX X ITAB1PETABIXTABICPX, [ XPOS)
CALL ANTERP (X=UXRKO,Z5,45Ps1TX XITAB TETAB I XTABICTX,IXPOS)
T TEALL ANTERP (AeDXRHO ,SM1,SMIP,1SX,XITAB ,SMTAb,IXTAB,CSA,IXPUS)
RI = |545+0/5M]
Ll = L4/25/K1
Ld3e5
204 IF (X +LTe XIENU) GO TO 206
42 = RHUE
L3=1,
GU To 207
206 CALL ANTERP (X+UXRRO,Z4)Z4P s [PXoXKITABIPETABsIXTABSCPXIXPOS)
CALL ANTERP (A+DXRHUL59Z5P ) ITXyXITABTETAB»IATAGICTX,1XPUS)
CALL ANTERP {(K+UXRHOsSMLI¢SMIPsISXsXITAB,SHTAB, I XTABCS5A,1XPOS)
RI = }1545.0/5M]
Iz = 4771571
2€7 RHOEP=(Z2=211/VXRtp®23
210 RHOUE = RHOESUE
RHOUCP=RHOE®UEF+UEeRHOEP
ZMUZZMUD®(TE/TGIew MV IS
HU = HE « ub207 L
777 HGP = HEP + UL®ULEP
PREIQ3 = PRARDT®®( 1e0/3.0)
HAWSHE+PREJ030UE20,;
CALL SEVALIZsTAW,ERASEIsHAW)
IF(ITWTAB) 1isl2+33
1y TwsTAw
HozHHA W
H&P®HEP*PRELIO3*UE®EP
Gu To 14
12 TasTwiAB(1)
T Ha=TWTAB(Z)
HiaP=(Qe
GO TO 14
13 CALL XNTERP ( %» lws TwWP, ITWX, XITAS,s TwTaB, [XTABs» CTWX, IXPUS )
T TALL SEVALUT, TwaCPuaHW)
HUPSF JGP*CPW P TWP
TTUY IF UTw JLE. TAw) 40 To 3170
WRITE(64155) TwaTAay o - ] ) e
155 FORMAT ( 45AD**BARpPRO FAILUREese WALL TEMPERATURE ( Tw = , FB842,
I 62H ) CALCULATED GREATER THAN ADIABATIC waLL TEMPERATURE ( TAW =
T 2yFBe2y 3H e ) o
wilTE(60106) X, ZME» THETA) PHI
—1J6 FORMAT ( 23R AXTAL DISTANCE X = , 1PEl4,7, 5k, LIHMACH NO. = ,
1} E1947) 5Ky BHTHETAl =, EL14e7 5%y O6HPHII =y El14¢7 )
WRITE (64250)
250 FURMAT ( 64H eCHECK CONTOUR AND MACH NUMBER DISTRIBUTION TAWLES F
" 710" ERRORSe 7 11GH *MORE INPUT POINTS MAY BE REWUIRED TO ADEWUATEL
2Y DESCRIBE DERIVAT[VE VALUES ALONG THE CONTOUR AT THIS POINTe /
396H A SMALLER RUNGE=KUTTA STEP SIZE MAY BE REWUIRED TO ADEWUATEL
4Y APPRUXIMATE INTEGRATIUN VALUES. /7 )
CALL wulTs
170 A = H#
T BEHO=HN
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Cx==Ug202

TFINT=TE
3 CALL ZETAIT
CREYaRHOUE/ZIMU
RTHE=CREY®*THETA
RPHI=CREY®PHRI ~—
CF = (+02507(RTHE*eLe25y)
CFAG = 340250/ (KPH*%04250)
CAPAR]L ® .0 = PRANDT ¢ ALOG(&640/(5+3#PRANDT + 1ed))
CHILPHI/THETA)I®®ZNSTAN®(CFAG/R2e)/ (1 0=5eoSuRT(CFAG/2s)¢CHPARL)
IF (JTwTAB eLTe G) CH 3 Qe
T TERASEL = RAVUEP/RngUe
ERASEZ=(1e+VELSOT) JUEPULP
CALL XANTERP ( A9 YR YRPy 1YXy XITAB, YITAB, [XTAo, CYX, 1XPuUS )
DARC=SGRT(le+TYRPeYRP)
COFORC=RHOUE/GWUE/DAKC®CF/ 20
IfF (EPSZ oLEe TeC) QU 10 40
TTTERASET = ERASEL ¢ EPSZ/YRaYRP
40 THETAP ® CF/2+G%VARC =~ THETA®(ERASEZ + ERASE])
T ERASEZ=mHQ=HW
PHIP = CHeDAKRC/ERAGE2# (HA¥W=HAW) = PHI®(ERASE] = (HOP=-HWP)/ERASE2)
i IF (IND enEs 1) RgTuRn
IF ([TuTAe oLTe ) 60 TO 66
TGN @ RAQUE/FJ¥CH/Ge (HAW = HW)
Hosw/(TAW=Tw)
66 QUAU T T a gba
DFORCU=DFORCE
DFLATUSDFLAT —
IF (EPSZ oLEe Ge0) U TO 44
T TTTERASED ® PIEYYR T
WUA = ERASEL » Qu
DFORCE=ERASEI®CDFJIRC
DFLAT=(0e
T QU Tg 45 T
44 QDA = yw
DFURCE=CDFORC/ 2, B
DFLAT=DFORCE®YRP
45 YGARC = Y2ARC 7
YZARC=DARC
IF (OXx oLEe GeG) RETURN
CALL XNTERP(X = DA 2,8, EKASE], ERASEZ, 1YX, XI1VaAb, YITAB,
Y I1ATABy CYX, [IXPOS) ’
YIARCESQRT(le+tERASE 2Z6ERASE2)
- DXLARCS(YGARC+4,eY ARC+Y2ARC) /6,0DX
ALARCSXLARC*UDKALARC
i SUMQDA=SUMERA+DXLARCe (QDA+wLAD)
IF (JCO0L «EWe G) GO TO 2
T 3UMNGA = COEFCLYSUMRDA
CALL XNTERP (TLIsZMYUL 4P ILX TITABIZMYTAUITZTABICZXy|TPOS)
1TPOS = 1ZX '
DIATUDB = ZeUeSuRT(AL/PIL)
REYL = MASSLeDIATUB/{AL*TUBEN®ZHYUL)
_ 2  FORCE = FORCE + DX ARC#IDFORCE + DFOUKCO)
FLATaFLAT+DALARC®(DFLAT*DFLATO)
RETURN
5 RALN = CREY®*XLARC

|
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RULSa(REY*DELSTR
IF (ZETA «GEe 1«8) a0 TO 62

1 =
Zi=114
L2715
L3=2]6
L4=217
T ISsI1P
@0 To 63
62 136
Z1=711 o )
I2=i1z2 "~ B
L3=1]13
L4=112P
L5%7]13P
63 ARITE(6451)
51  FORMAT (1nO/1X,16HcONTOUR PROPERTIESSA»ISHFLON FROPERTIES 86Xy
R 19HBUUNCARY LAYER 99Xy 13HHEAT TRANSFEwR)7 X,
K FBAINTERNAL INTEGRALS 47X, 12HCOEFFICIeNTSY/)
) T OWRITE(6452) x.LML.DEL1A HGyZETACF
52 FORMAT (1XKs7HA =y Filebs3xs7HINE B)FlZe6s 3Ry 7THVELTA =,
T A IPEL34+5,3X,7RK6G =, OPF12,6,3X,46HZETA =, IPE1446,3X
, 6HCF ‘slpElJob) o
T UWRITE(6353) KLARC)TE BDELTAsGWsZINTPR(ID a2l stH
93 FURMAT (1A, 7HXLARC = ,F[leb,3X,7HTE 8 ,Fl206y3X,7HBDELTA=,
- A IPEL3 003X, THuw ® L PEL2e633R A6, PEL4e6,3X26HCH =,
K IPEL3+61)
WRxTE(6.54) YR TW.DELSTR.SUMQUAoZlNTPK(l*l)nLZoRIHE
T AT ”iFEls-o.3A 7nsum00A-.1P£12.b.4x Ab, 1r£l4 6, 3Xn6HRTHE =,
K 1PEL3eb)
WRITEL6955) YRPoTAWs THETAFURCEZZINTPRUTI*2) 423 RALN
55 FORMAT (1R 7HYRP ®yF11e743X07HTAW E3F1200)3Xy7HTHETA =,
A IPEL13e033X , 7THFGRCE =4 0PF 120003 X9Ab,1PE14e6,3X46HRXLN =,
K I1PEL1346) o
T UUYRUELS YR = UELSTR
WRITE (6,561 YRUELSGIZMEP PHIZFLAT ZINTPRU14¢3),29,KPH]
6 FURMAT (JA,7HYRUELS®,F | 1e8y3X,7HZMEP = ,F{2e0,3X,7HPHI =,

74

I IPE13¢633Xe7HFLAT =2 GPF12¢693XsA601PELI4e613Xs6HRPHT =0 IPEL3e6)
WRITE (6,457) UEUELSUT RBARVZINTPRULI+4) 425 RULS

FORMAT {22Xs7RUE 2,F12¢69)3X,THOELSOT® o F 13,623K37HRBAR  39F 1206,
AT T IR A IPE ) 4e 013K 6HRDOLS =, 1PEL3e8)

WRITE (6458) PEIRHQESPRANDT»GAME ) SMUL

FURMAT (22x»7HpPE 2y PEL120603827HRHOE  =,CpF13¢06y3Xs 7THPRANUT=,
A F1l2e30,3X,6HGAME =,F1448,3K,6nSMO0L =,Fl13.0)

CUSAL = 1+0/7DAKL

IF (EpSZ oLEe QeB) wu TO 500

DELF] = 2.0%PTEeYR4RHUUELS®THETASUE®CUSAL/G
DELF2 = 140 = DELSUT*PE/(RHOUEPVL/G)
DLLFA = DELFI®LELF)

THRUST ® PlEeYReale IRHOUE®VUE/G + PE)
DEFTHK = 10Ce0®DELFA/THRUST

THRUSA ® Plieyr*e2e (RHQUESUE/G + PE = 2116e2¢40)
IMASSK = Pleeo (YR + DELSTReCOSAL)es2eRHOUE
XMASSR = PlbeYresegRPOUE

Gu To 510 ‘




C
T THE TW0 DIMENSIUNAL ¢ASE ASSUMES A WIDTH OF ONe FOUT
¢
“"B0C  DELF] = 2+0%RAOVE®THETA®UE*COSAL/G
DELF2 = 1eG = VELSQT®PE/(RHUULSUE/G)
DELFA = DELFI®DELF R

THARUST = 20eYRe({N4OUESUE/G + PE)
T U DREFTRR * IGULGYDELFA/THRUST

THRUSA ® 2+.0¢YR®(RROUE®UE/G + PE = 211642240
T ZMASSR ® Z,0#{YR + DELSTR«COSAL)«RHOUE

XMASSK = ZQU'YR‘RHQUE

51C VISP ® THRUST/ZMASGR
AISP = THKRUSA//.MASgGR
TeL1sP = =0ELFA/FLQWRTY
WRITE (641) AISP I XMASSRyTHRUSAWDELFALTOLISP VISP LMASSKITHRYST,
I 7 T T DEFTHR,CUSAL
1 FORMAT (//725K,81HTHRUST DEFICLENCY AND SPECIrIC IMPULSE DECREMENT
TOUE YO THE BOUNDAKY LAYELR EFFECT//SXKs6HAISP =,FlGe4s5X BHAMASSR =,
2 F13e495XeBHTHRUSA B 4F |44 sSXsTHDELFA ® F 12¢4,5X,8HTBLISP =msF1}je6/
"3 bR, 6HVISP =, Fi0.9,5X,8HZMASSR =,F13e4,5X,8HIHRUST = ,Flt4e4,5X,
4 BHOEFTHR ®sF11e8sgk,7HCOSAL 3,F1248//7)
©1F (I1C00L oEWwe ©) RETURN
Tol = Tkl
TCALL ANTERP (TLIsCPLaCPPyICKyTZTABCPLTABSITLZTABCCX,ITPOS)
CALL XNTERP (TL1 yRAMUL JRP,IRX,TZTABIRAMTAB I 1ZTABCRX,ITPOS)
CALL XNTERP TTLT3ZMYULSZPy 12X TZTAB»2ZMYTAB,IT1ZTAB+CZX,TPOS)
CALL ANTERP (X, ENMpA+ENHAP IEX ,XITAtsLNHTAL,LATAB,CEX,1APOS)
PRANDL ® CPL®ZMYUL/RamoL
76 TALG = Twi

""" HL = GeOZS0%RARULZDTATUSSRETL  #0eBO*PRANDLe# Lo 408 (TLI/ TWL) #*0.550

HL = HLe*ENHA
Sal 3 HL*{T«8 ¥ RAMDW/(THICK®HG)}
SA2 = RAMUW/THICK
TAL = (SAI#TL1 + Sp2¢TAwW)/(SA]l + SAZ2)
Ir (ABSUTWLG = Twl) «GTe QeQ10) GO TO 70
TEMPRL ™ TWL/TLI - o
TWGCA = (HG®TAw + RAMDW/THICKeTWL)/lHG + RAMuw/THICK)
Wil = RGe{TAuw = TagCA)
IF (EPSZ eLbe Ue0) GO TO 400
S5T = PIEsYReuwIsUgLXoA®DARCSCOEFCL
) wl TQ 610 R
600 SST = QWISDELABASUARC®CUEFCL
619 TLCA = (TLl + TLR21 /20 ¢ SST/{CPL¥MASSLY)
' IF (IDUMP ,G6T,. &) TLCA = (TLD + TLI)J/240 + SST/(CPLeMASSL)
DMASSL = MASSL/(ALeTUBEN)
SUMQW] = SUMQW] + 5ST*2,.,0
WRITE (6,471) DMASS sHL s WWI 9 REYLySUMWUWTI o TEMPRL Y TLCA S TWGCAy Tl

T DIATUG»THICK,SUMWGA
71 FORMAT (/50Xs31HREGENERATIVE CALCULATION OUTPUT//9Xy8HUMASSL =,
Tl Fl2e495XsHHHL ®aF 0063 TX SHUWI BaF 120495, 6nREYL #,3F1Te4,5X,
2 BHSYUMQW] =1F } 506/ X4 8HTEMPRL 23F 10043 7Xs6HTLCA =,F 10e495X,
3 THTWGCA 3, F 104 yox1SATWL =4F1044415X,8HDIATUB =,F 15,10/
4 SXy7HTHICK =sF1Gear8iXeBHSUMUGA =,F1Seb6////7/777)

RETURN
END
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BARSET

76

A

Il
12

I4
i5

52

1

16

A

SUBRUUTINE BARSET

COMMUN /CSEVAL/ NOCTABIIS KOUIFJGsCJGyOMI02,G0GM] 4PUMAX,CPOLHOY
SO, TCTAB(2C) +CPTAB(20)+8CP{20),CCP(LD)s0CP(20)
WTAB(20),HTAB(20) ,8ARBL1(20),BARB2(20) ,BARBI(20)

COMMUN /INPUT/ TOXKMAX,ICTABGIPRINT,ITWTABsIXTAB

EPSZ4FU1@GAMOPOWPHIL PIEWPRANDT 4RBARSCALE,TO

«MZETADXMAX,

THETAL yTOLCFATOLZET s TOLZME 4 ZMUDZMVIS4ZNSTAN

COMWUN /TABLES/ PETAB(100)+SMTABLICO),TETAB(10C
VETAB(100) o XITAB(100),YITABL10GO

PlEes3e14159265

FJGsF Jeg

ROvsKBAR/FJ

TMAXaTC

I1s]

IFCITWTAB) 15412411

11=[XTAB

DO 14 I=1,11

IF (TwTAB(1) «LEs TMAX) GO TO 14
TMAX = TWTAB(I)

CONT INUE

IF (ICTAB oEwe Q) GU TO 20

IF (TMAX oLTe TCTABUICTAB)Y) GO TO 16
WRITE(6,52) TMAX,TCTAB(ICTAB)

)+ TWTAB(100),
122MTAB(100)

FORMAT ( // 441 ##*BARSET ERROQOR®e TEMPERATURE INPUT VALUE (.

IPE14«74 29H) EXCEEDS TABLE UPPER LIMIT
GO TU 57
NOCTAB®ICTAB
CALL BMFITS (TCTAB+CPTABICTABIBCPCCPOCP)
TIE1=TCTAB (1)
TIE2=TIELeTIEL
TIE3=TIE2¢TIE}
HTAB(1) = CPTAB(l)eTIE}l =« BCP(l)oT1E2/2,0
BARB1(1) = CPTAB(1) = BCPUI)eTIE]l + CCP(I)®TIER
BAKB2(1) = BCP(]) = 2.0eCCP(L)eTIE]Ll + 3.0°DCp(1
BARBI(1)1=(CCP(1)=3.00CP(1)0TIEl)/2,

(s El4e7, IH)

- DCP(L)®TIED
yeTlE2

GTAB( 1 )=~gARBI{1)®ALUGITIE]I)=BARB2({1)*TIEI=BARB3{]1)T]E2

~DCP(1)/3+*T]1E3
Q=0
D0 19 [=2,ICTAB
TMEL»TIE }
TME2sTIE2
TMEI=TJED
TIE|=sTCTAB(])
TIL2aTIE e TIE)
TIE3=TIg2eTIE]
DELT=TIE | =TME]

HTAB(I) = HTAB(lal) ¢ CPTAB(l=1)eDELT ¢ BCP(l=l)eDELT@92/2,0 «

CCP{l=))*DELT®#3/3.0 ¢ DCP(I=1)*DELT®e4/440

IF (1 «+GEe JCTAB) GO TO 19
BARBL(l) = CPTAB(Il) « BCP(l)eTIELl + CCP(l)eTIE2
BARB2(1)=BCP(I)=CCP(I)1/«5¢TIEL1%3s00CP(I)eTIE2

- DCP(l)eTIE]

BARS ]
/CSEVAL/
/CSEVAL/
/CSEVAL/
/INPUTY

/INPUT/

/INPUT/

/TABLES/
/TABLES/
BARS 24
BAKS 25
BARS 26
BARS 27
BARS 28
BARS 29
BARS 30
BARS 3}
BARS 34
RARS 39
BARS 40
BARS 41
BARS 42
BARS 51
BARS 62
BARS 53
BARS 57
BARS 58
BARS 59
BARS 40
BARS 61
BARS 62
BARS 63
BARS 64
BARS 45
BARS 66
BARS 67
BARS 48
BARS 73




19

20

SY

57
56

23

25
a0

38

BARB3(1)1=(CCP(11=3eeDCP(I)oTIEL}/2,

Gl-GloBARBl(l-l)OALOG(TlsllTMEI)oaARaz(l-l)ODELr
X ,NQBARBS(l-l)v(TlEZ-Tnch*oCP([-lllJ.O(TlEJvTHESl

B8ARS
BARS
BARS

GZHBARsl(l)QALOG(TIEI)‘BARBZ(I)0T1E1+BAR83(I)0TlE20DCP(l)/3-oTIES BARS

GTAB(Il)=Gl"G2

CONTINUVE

1S=1CTAB=]

CALL SEVAL(1.+TQ:CPOHO)
GANOaCPD/ ICPO=ROY)

IF (GAMD «GTe leO) GO TO 56

WRITE (6.54) GAMO
FORMAT {

2 UNITSseae CPy» RBAR. FdJ
CALL QUITS :
GM102 = (GAMD = 1¢8)72+0
GOGM1I®GAMO/ (GAMO=1e)
POMAX=P(Q)

IF (ICTAB +GT, 0) 6O ToO
NQOCTAB = &
NOCTMI=NOCTAB~-I
IS=NOCTMI
CPO=RGOGML/FJ*RBAR
CJUGECPOOF UG

HO=CJGeTOD -

DO 23 1al,1xTaB

TE = TETAB(1} o

IF (TE JLE+ TMAX) GO TO
TMAX = TE

CONTINUE
TCTAB(NOCTAB)=TMAX+100,
TCTAB(1)=14E~10
Z1®NOCTHMI

DELT=(TCTAB(NOCTAB)=TCTAB(111/21
ERASE)®=~CPO®ALOGITCTABI(L

Do 25 1=} 4NOCTAB
GTAB(])=ERASE!L

CPTAB(I) = CPO

8CP{1)=0,

CCP{l)=0,

DCP(1)3Q

BARBI(1)sCPO

BARB2(1)=0o

BARB3(])=0»
HTAB(1)=sCPOe(TCTAB(1)&TC
IF (1 sGEe NOCTML) GO T
TCTAB(I+1) = TCTAB(LI}) *
CONTINUE

IF (ITWTAB JNEe Q) GO T
CALL SEVAL(1. TWTAB(1),
CALL SEVAL{OsTOsPOsSC)
RETURN

END

81H »eBARSET ERRORse

/7 )

aa

23

n

TAB(3))
0 25
DELT

0 38
ERASE

BARS
BARS
BARS
BAKS
BARS

RATIO OF SPECIFIC HEATS MUST BE BARS
I1GREATER THAN ONE (l)s GAMO = » E14e7 / H46H CHECK FOR INCONSISTENTBARS

TWTAB(2))

BARS
BARS

BARS
BARS

BARS
BARS
BARS
BARS
BARS
BARS

BARS
BARS
BARS
BARS
BARS
BARS
BARS
BARS

BARS
BARS
BARS
BARS
BARS
BARS
BARS

BARS

BARS
BARS

74
75
76
77
78
79

8l
a2

86
87
88
89

92
93

99
100
101
102
103
104

108
109
110
1l
112
113
114
115

117
118
119
120
121
122
123

126

132
133

77



BMFITS

c

11

15

32

47

51

78

A

SUBROUTINE BMFITS (X»YsNsBLsCLsDL)

DIMENSION A(20),B120),C(20),F120),6(20}1,X(201,Y(20),
BL(20),CL(20) +DLI20)sFL(20),YPP(20)

I =1

FLII) s x(l+1) = X(I)

I =1 + 1

IF (I +LTe N) GO TO 1!

I = 2

B(l) = «FL(I=1}/FL(D)

A(l) = =2,00(FLLI) + FL(LI=1))I/FL(I)
C(l) = 6,0/FL(I)e((Y(141) « Y(I)I/FLUL) = (YU(])} - Y{l=l))/FL(L=1))
1 =1 + 1

IF (1 +LTe N) G0 TO 15

G({2) = }].,0

F(2) = 0.0

I = 3

G(l) = A(]l=1) + B(l=1)/G(1=1)

F(l) =2 a(Bl(I=1)eF(l=1)/G(I=}) + C(I=1))
1 =1 + |

IfF (I esLEe N) G0 T0O 32

YPP(N) = FIN)/I(GIN) = 140)

YPP(N=1) = YPP{N)

I = N = 2

YPP(L1) = (YPP(l*1) + F(I+1})/G(1+])

1l =1 -

IF {1 «GT. 0O} GO TO 47

I = |

BLUT) ® (Y(I+1)aY(III/FLAI) = (FLCL)®(YPPLI*L) + 240°YPP(I)))/6.0
CL(I) = YPP(1)/2.0

DL{I) = (YPP(I*1) = YPP(I))/(b6e0oFLI(1))
I = 1 + |

IF (I oLTe N) GO0 TO 51

RETURN

END




CFEVAL
FUNCTI
C
DIMENS
EQUIVA
UATA A

@ N SN

IsCFRTY

IF (2
P IFliZ2=-

2 Jzd=|
IF ¢ J
3 J=|

WRITE(
4 FORMAT
IROM 45X

OnN CFEVAL(CFRT)

ION X{B)sA(T7)4BL7),CUT7)4D(7),1X(8)

LEWCE (XelX)oellZd,o1Z)
/=260791773E=20=4e9715425E=3+102614392E-3.=1+0088617E=2,
1e7521422E-41=2+B83430E~445e9985794E=6/, B/De20915H862,
743896560E=21=1e6794227E=212¢9519911E~20=15620821E=3,
143318747£=212¢10835707E=3/ C/=0s92142043:~0053592107,
=9e60753CE=21"044]11011159=0013904416+4=0+29826897.

~0e 15683627/ D/=404457710e=4e811995215e5230767+~408092254
“546024598125e0345585,=5063752327 s J/ /s X/ 245099998,
1702877829127¢740390897084729:16310+68B80,44355.857,
327747¢91:198275%942/2 ZERQG/C0/

sLEe Da0) 60 T0 3
IX(J)I) 20749
) 3s 5, 1

6,4) Z,2ERQ,X(8)

(/10X J9HCFEVAL FAILUREISX23HZ 3, 1PEISe8,5Xs ISHLIMITS ARE F

'E1BeB2X42HTOE1848)

CALL QUITS

S IF (¢
J = ]

eLbe 00) G0 TO0 3

Y=e0Q9896/2%%562

GO0 TO

8

7 IL®=ALOG(Z)
YLD () +ZLo(C(J)+ZLs(BlY)+ZLeALY)))

Y=EXP(

YL}

8 CFEVAL=Y
RETURN
9 IF (12 LLEe 1X{J*l)) GO YO 7

g = g

+

IF(y=8) 9,3,3

END

CFEV

CFEV
CFEy

CFEV

CFEV
CFEV
CFEV
CFEV
CFEV

CFEV

CFEV
CFEV
CFEV
CFEV
CFEV
CFEV
CFEV

CFEV
CFEV

w N

15
17
19

20
21

23

79



DIRECT

C

80

10

SUBROUTINE DIRECT

CALL READIN
CALL BARSET
CALL BARCON
60 TO 1o
END

DIRE
DIRE
DIRE
DIRE

DIRE

£ WN




F1IF

FUNCTION FIIF {S)
" COMMON /COFIIF/ IFINToAFINT BFINT JCFINT MMINT ,TFINT

STOM=].

IF_(MMINT sLEs 8) . GO.TO 12 -

DO 4 sy, MMINT

-4 STOM = STOMe S . .

12

FDEN = AFINT + Se¢(BFINT + SeCFINT)
I LIFINT. 2GEL.2). GO TO .2
FNUM = STOMe(1e0 = S)

.. G0_T0. 3.

2 FNUM=STOM

3 CALL SEVALU(2,T,0,FDEN)
FIIF=FNUM/TeTFINT
-RETURN
END

/COFIIF/
FILIF 4
FLIIF 7
FI1LIF 8
FIIF 13
FIIF 1%
FI1IF 15
FIIF 16
FLIF 17
FIIF 18

81




GETPT

C

A

SUBROUTINE GETPT (ZME,P1,TI)

COMMON /CSEVAL/ NOCTABIS,R0U,FUG,CJG,6M102,G0GM|,POMAX,CPO,HD»
SCsTCTAB(20) CPTAB(20)sBCP(20),CCP(20),DCP{20)

K GTAB(20),HTAB(20) ,BARB1(20),BARB2(20),BARBI(20)

COMMON ,INPUT, I0DXMAX ,ICTAB,IPRINT,ITWTAB,IXTAB,MZETA,DXMAX,

A EPSZsFuUsGeGAMD POPHIT+PIEJPRANDT sRBAR,SCALE,.TO

K

15

20

21

24

26
1

27

28

29
30

82

THETAI s TOLCFATOLZET +TOLZIME ,ZMUD,ZMVIS,ZINSTAN

IME2=ZME®ZME

PRODI=2,/RBAR/IME2/G

DENM2= ] ,+GM102#%ZIME2

TE=*TO/DENM2

IF (1CTAB «GT. O) 60 Yo 20

PE*PO/DENM29eGOGH]

Pl = PE

TI=TE

RETURN

1TER = g

TOL = TOLZME/ZIME

TEO=TEG

TCO=TC

TEG=TE

CALL SEVAL(},TE,CPE,HE)

GAME=CPE/ (CPE~RQUJ)

TC*{HO~HE ) /GAME*PRODI

IF (ABS{(TC = TE)/TE) eLEe TOL) GO TO 30

IF (ITER 6T, 0) GO TO 24

TE = (2,0°TE + TC)/73.0

60 TO 28

IF (ITER LLE, 50) GO T0 27

WRITE (6:26) ZMEWTCHTCOWTEWTEO

FORMAT ( 3IHO®®*GETPT FAILUREe.ee MACH NOe = , JPEL4e7 / 14X
17HT (CTALCULATED) = , 2E1647 / 14X, L7HT (GWUESSED)
2E16.7 /7 )

60 70 30

IKs (TC=TCO)/(TE=TEQ)

TE®(TC=2K®TE) /(] es=2K)

IF (ABSHILTE ~ TEG)/TE) «LTs TOL) 60 TO 29

IF (ITER +LT. t0) GO TO 28

IF (ABS((TE = TEO)/TE} +L.Te TOL) GO TO 29

ITER=ITER+ |

GO0 YO 2)

TE={TE+TEG) /2,

CALL SEVAL(=1 ,TE.PE.SQ)

GO 10 15

END

/CSEVAL/
/CSEVAL/
/CSEVAL/
/7INPUT Yy
/INPUT/
/INPUT/
GETP 9
GETP IO
GETP 1}
GETP )2
GETP 15
GETP 18
GETP 19
GETP 23
GETP 24
GETP 25
GETP 26
GETP 27
GETP 28
GETP 232
GETP 235
= ,GETP 36
GETP 37
GETP 238
GETP 39
GETP 40
GETP 4%
GETIP 45
GETP 46
GETP 49
6ETP 50




INTZET

10

14

17

19
29
21

22

23

294
25

SUBROUTINE INTZET (X1 ,X2,ZINT)

INTZET < GQUADRATIC FOUR POINT INTEGRATION SCHEME = ZETA(BARTZ)INTZ

DIMENSION XC(21)sYC(21),YM(H)

DX21=X2=X1

SUMINT=0. L

IF (DXx21 +EQe Ds0) GO TO 15
DXC=DX21/20,

IMAX==9999

FMAX==1,E30

00 10 I=j},21
XC{l)=Xi+FLOAT(1=1)eDXC
YCUL)=FpIF(XC(I))

IF (YCUl) +LE. FMAX) GO TO 10

IMAX = |

XMAX=XC(I)

FMAXsYC(I)

CONTINVE

IF (DX21 +GTe Del0) GO TO 17
SUMINT=10e0YC(L)*16e*YC(2)=240YC(3)
DO 14 1=2,19
PARINTZ13¢2(YC(I)eYC(I*})))=YCll=1)uYC(I*2)
SUMINT = SUMINT + PARINT

SUMINTaSUMINT+10e0YC(21)+16,9YC(20)°2,°YC(L7)

SUMINT=SUMINT/24e9DXC
ZINTESUMINT

RETURN

FBRK = FMAX®0.20

SUAINT=0.

SUBINT=0,

IF (IMAX «LEe 2) GO TO 2}

DO 19 lw2,IMAX

IF (YC(1) oLEs FBRK) GO TO 19
IBRK = | = |

GO 10 20

CONTINUVE

IBRK=MAX=1

IF (IBRK «GTe 1) GO TO 22
IBRK=)

IBRKM1I=D

GO TO 25

IBRKMI=]BRK=|
SUAINT=10e®YC(1)*1602YC(2)=2,2YC(3)
IF (IBRK .LE, 2) GO TO 204

DO 23 1a2,IBRKMI
PARINT®13+0(YClI)I+YC(]*1))mYC(I=1)=YC([*2)
SUAINT = SUAINT + PARINT
SUAINT = SUAINT/24.0%DXC

DXxM = DxC/3.0

IF (IBRKM! «GTe G) GO TO 206
K = 2

Js = 2

GO0 TU 207

INTZ

INTZ
INT2Z

INT2Z
INTZ
INT2
INT2Z
INTZ

INTZ

INTZ
INTZ
INTZ

INTZ
INTZ
INTZ

INTZ
INTZ
INTZ
INTZ

INTZ
INTZ

INTZ

INTZ
INTZ
INTZ

INTZ
INTZ
INTZ
INT2
INTZ

INTZ
INTZ

INT2Z
INTZ

-4l

12
13
14
15

19
20
22

25
26
27

a0
31
32
33

35
Aé

39
42
43
44
46
47
48
50

53
54

63
&4

83



206 K = )

207

26

28

27

9

84

JS = )

D0 26 | = 2,4
AMEXC{IBRK)+FLOAT(l=K)®DXM

YMUL) = FIIF(XM)

IF (IBRKM] «GTe 3) GO TO 209

SUBINT = 10408YMI2) + 1600YM(I) = 2e0°YM(4)
DO 27 1 = IBRK19

DO 28 JUsuS.3

YMUp)=sYM(2)

YML2)=YM(3)

YM{3)=sYM(4)

AMEXM+D XM

YM{4)=F1IF(XM)

RARINT® 300 (YM{2)¢YM(I))=YM(1)=YM{H])
SUBINT = SUBINT + PARINT

JS = |

XM = XC{l+1) + 0XM

Do 29 Jsl,2

YM{))imYM(2)

YM(2)=YM(3)

YM(3)=YM(4)

XMEXM+DXM

YM{G)ImFIIF(XM)

PARINT21 3,0 (YML2)+YM(3))=YM(L)=YM(4)
SUBINT = SUBINT + PARINT
SUBINT®=SUBINT+l0eoYM(U4)+]baeYM(3)=200YN(2)
SUBINTesSUBINT/24,00XM
SUMINT=SUAINT+SUBINT

GO TO 18

END

INTZ
INT2Z

INTZ

INTZ
INTZ
INTZ
INTZ
INTZ
INTZ
INTZ

INTZ

INTZ
INTZ
INTZ
INTZ
INTZ
INTZ
INTZ

INTZ
INTZ
INTZ
INTZ
INT2Z
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69

76

78
79

81
82

85

88
89
90
91
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94

97
99

100
101



MAINTR . . . e
' I C R P 6 REFERENCE PROGRAM TBL

C
C
C

DECK. SEQUENCED BY SUBROUTINE .

COMMON..ZINPUTZ 1DXMAXWICTABSIPRINT ITHTABIXTAB,MZETADXMAX,

A
K o

. 1DXMAX. = O

CALL DIRECT
. END

EPSZsFJsG1GAMDsPOWPHITWPIEWPRANDTRBARISCALE TO

- THETAl ,TJOLCFA,TOLZET,TOLZME ,ZMUOQ,ZMVIS.ZNSTAN

/INPUTY/
/INPUT/
/ZINPUTY

TBL
TBL

1



QUITS

C

C

SUBROUTINE QUITS
COMMON /COFIIF/ lleT.AFINT.BFINT.CFINT.MHINT.TFINT

COMMON ,/COOL/ 1COOL,IDUMP,ITZTAB AL +»COEFCLCPL,DELXBADIATUB,

1 FLOWRT 4MASSL 4PRANDL RAMDL 4RAMOW REYL ySUMWUGA ,SUMGW],
2 THICK,TLO,TL1,TL2,TLCA,TOLITE ,TUBEN,TWGCA ,ZMYUL,
3 CPLTAB(20) +RAMTAB(20),T2TAB(20),ZmYTAB(20),
4 ALTAB{100) s THITAB(100),TLCTAB(100),TLTABL100),
5 . o IKGTABI100)
REAL MASSL
COMMON ,CSEVAL/ NOCTAB,IS,ROJ,FJG,CJUG,6M102,60GMm1,POMAX,CPO,HD
A SOsTCTAB(20),CPTAB120)sBCP(20),CCP{20)+sDCP{20)
K GTAB(20) .HTAB(20) ,8ARBI(20),BARB2(20),BARB3(20)
COMMON /INPUT/ TOXMAX,ICTABoIPRINTITWTABIXTAB MZETADXMAX,
A EPSZ FUsGeGAMOIPOPHIL sPIEPRANDT ,RBARVSCALE,TO
K THETAI ,TOLCFA,TOLZET,TOLZME ,ZMUOD,ZMVIS,ZNSTAN
COMMON /INTER/ CFAGTsCFAGP2CHPARI 4DXsDXRHOHE 4Hw,IBEG,MZETAM,
A OOMZET 4PHIP PREJO3RHOE+RHOUE sRMZETA,THETAP,
K XIBASE ,XIEND,ZETATM ,ZMZETA +ZMZETM ,ZMZETP
COMMON /LOOKUP/ I1CKsIMXWIPXyIRK S ISXyITPOSoETWX, JTXsIUXsIXPOSs1YX,
1 TZXaCCXEO) aCMAEE) sCPXLO) 4CRX(E) (CSX(O)1CTUX(6)
2 CTX(O) sCUXLL) 4CYX(S)CLZXLE)

COMMON /NHANCE/ 1EX,CEX(6),ENHTAB(100)

COMMUN /0OUTPUT/ BOELTASCFoCHWDELTAJDELSOTH»DELSTRWFLATIFORCEZHGY
A PEsPHI s GWNoSUMUDA JTE s THETASTW,UE (X XLARC,YR,Z 1,
K L2423,24,25,2ETA,IME

COMMON /SAVED/ AeB3Cs2ZI10Z11PeZ124s212P12134213PZ144415:2Z164217

COMMON /TABLES/ PETAB(100)SMTAB(1CO),TETAB(100),TWTAB(100),
1 VETAB(IDQ) o XITABLLIGCO)YITAB(100),ZMTAB(100)

WRITE(6,1)
I FORMAT(3I4HIQU]ITS COUMMON DIAGNOSTIC OUTPUTese)
WRITE(6,5) IFINTAAFINT»BFINT CFINT MMINT,TFINY

5 FORMAT (//50X,2)HCOMMON BLOCK /COF1IF//725X4110,{P3E20.8,110,E20.8)

WRITE (442) IDXMAXaICTABIPRINT L ITATABIIXTABIMZETASDRMAXJEPSZFU,

A GyGAMOWPOPHIT+PIEPRANDT RBAR,SCALETO THETA],
K TOLCFAZTOLZET ,TOLZME ,ZMUDZMVIS,ZINSTAN
2 FORMAT (//50X+s20HCOMMON BLOCK /INPUT///73X20616,5(4%Xe1PEL13eb)/5Xs
A TO4XoIPEL346)/5Ke7{4XsIPEL3eb)/)
WRITE (4,10) BDELTA,CF,CH,DELTA,DELSOT ,DELSTR ,FLAT,FURCE ,HG,PE
A PHl{H*oSU"QDA.TEoTHETAoTWoUEoXoXLAKC-VR.Zl.ZZ.ZJ.

24425, ZETA,ZNME :
I10 FORMAT (//50X,21HCOMMON BLOCK /OQUTPUT///4(5X, 744X 1PEL3.6)7)7)
WRITE (443) NOCTAB+ISIROJUGFUGICIGIGMI02400GMLPOMAX,CPO,HO,SO,
A 1CTAB,CPTAB,BCP,CCP,DCp,GTAB HTAB ,BARB] ,bARB2,BARBI
3 FORMAT (,,50X,21HCOMMON BLOCK /CSEVAL///3X,215,1P9EL13,6/

86

QulT 1
/COFLIF/

/CooL/
/Cco0L/
/Co0L/
/cooL/
/CooL/
/CooL/
/7€00L/

/CSEVAL/
/CSEVAL/
/CSEVAL/

/ZINPUT/
/INPUT/
/INPUTY

/INTER/
/INTER/
/INTER/

/LOOKUP/
/LOOKUP/
/LO00KUP/

/NHANCE/
/0UTPUT/
/0UTPUT/
/0UTPUT/
/SAVED/

/TABLES/
/TABLES/

QulT 7
QUIT 8
QulT 9




A (10(IX21PEL2e¢6)))
WRITE (4,4) CFAGT,CFAGP,CHPAR],DX,DXRHO HE HW,15EG,MZETAM,00MZET,

A PHIP,PRE103 ,RHOE,RHOUE ,RMZETATHETAP XIBASE,
K XIENDsZETATMIZMZETA ,ZIMZETM ZMZETP
4 FORMAT (//750X+420HCOMMON BLOCK. ZINTER///SXs7ISX s 1PEL3eb)/5X0219
A 6(BXsJPEL3e¢6)/5Xs7(5XslPELI3eb)/)

WRITE (649) AsBaCoZiloZlIPo2120212PsZ13,Z13P+214421542164,217
9 FORMAT (//50X,20HCOMMON BLOCK /SAVED///5X37(5X,1PE13e6)/5SX,
A 6(5X+1PE1346)7) i
WRITE (646) ICKsIMXoIPXsIRXsISK ITPOSITWX s ITXoIUXsIXPOS,IYX, 12X,

i CCRyCMXCPX,CRA,CSX  ,CTWX,CTXCUX,CYX,CZX
6 FORMAT (//50X.21HCOMMON BLOCK /LOOKUP///10X+12([545X)/
1 (S5X+6(5Xs1PE}548)))

IF (IXTaB +LEs Q) GO TO 100
IF (1XTaB «LTs 100) GO TO 22
13 = 95
G0 TO 23

22 I3 = [XTAB

23 13 = 10e(13/10 ¢+ 1)
WRITE (64+7)

7 FORMAT (//24X+77HCOMMON BLOCK /TABLES/ PETAB, SMTAS, TETAB, TWTAB
1+ UETAB, XITAB, YITAB, IZIMTAB/)

8 FORMAT (5X213,)P10E1245)

bo 24 I = }1,13,10
K = | + 9

24 WRITE (6,8) 1,(PETAB(J), J = I,K)
PO 26 I = 1,13,10
K= | +« 9

26 WRITE (648) 1,(SMTAB(J), J = [,;K)
DO 27 I = 1,13,10

] K s | + 9

27 WRITE (6,8) 1,(TETABI(J), J s 1,K)
DO 28 1 = [,]13,10
K = | ¢+ 9

28 WRITE (6.,8) 1,(TWTAB(J), J = ],K)
DO 29 | = 1,13,10
K= | + 9

29 WRITE (6,8) I,{UETAB(J), J s I,K)
DO 30 I = 1,13410
K= | « 9

30 WRITE (6,8) J,(XITAB(J), J = I,K}
DO 31 I = 1,13s10
K = | +« 9

31 WRITE (6,8) 1,(YITAB(J), J = 1,K)
DO 32 1 = 1,]3+10
K = | « 9

32 WRITE (648) J2(ZMTAB(Y) s 4 = K}
WRITE (g,11) 1COOL,IDUMP,ITZTAB AL ,COEFCL,CPL ,DELXBA,DIATUB,

1 FLOWRT yMASSL ,PRANDL«RAMDLIRAMDW,REYL»SUMQGASUMQANWI,
2 THICKsTLO s TLE o TL2sTLCACTOLITESTUBENTHGCASZMYUL,
3 CPLTAB,RAMTAB ,TZTAB.ZMYTAB
11 FORMAT (//51X419HCOMMON BLOCK /COO0L///55X+11,3X,11:3X4127
1 1102X,IPELOe %)/ 11(2X4EL0e4)/(10(2X4EL11e5)))
DO 33 | = §1,13+10
K & ] « ¢

33 WRITE (6,8) 1,(ALTAB(J), J = 1,K)

87



34

35

36

37

12

38
100

88

DO 34 I = 1,132,110

K = [ +« 9

WRITE (6,8) I,(TLTAB(J), J = 14K)
DO 35 1 = 1,113,110

K s ] ¢« ¢

WRITE (648) 1,(THITAB(J)y J = [,K)
00 36 1 = 1,13410

K =] « 9

WRITE (6,8) 1,{TWGTAB(J)s J = 1,K)
DO 37 |1 = 1,13»10

K =]l ¢+ 9

WRITE (6,8) [,{TLCTAB(J)y J = 1,K)
WRITE (6,12) IEX,CEX

FORMAT (//50X+21HCOMMON BLOCK /NHANCE/Z//73Xe1346(5X21PELIBeB))
PO 38 1 = 1,13»10

K =] ¢ 9

WRITE (4,8) 1, (ENHTABI(J), J = [.K)

CALL DIRECY

END

QUIT
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SUBROUTINE READIN

COMMUN ,cOOL, 1COOL,IDUMP  ITZTAB ,AL,COEFCL,CPL ,UELXBA,DIATUR,

KEAL MASSL

FLOWRT sMASSL JPRANDL ¢RAMDL yRAMDW ,REYL»SUMQGA+SUMBN],
THICKsTLO TLI o TL2TLCA,TOLITE s TUBEN,TWGCA,ZMYUL ,
CPLTAB{20)+RAMTAB(20),TZTABL(20) ,ZNYTAB(20),
ALTAB(IGO)»THITAB(L10C),TLCTAB(100),.TLTAB(10O),
TuGTAB(ILD)

COMMON /CSEVAL/ NOCTAB IS ROJIFUIGHICUGGMIO2,GOGM] 4POMAX CPOLHO

SOsTCTAB(20) «CPTAB(20)sBCP{20),CCP(20)+DCP(20)
GTAB(20),HTAB(20) ,BARB1(20) BARB2(20Q),BARBI(20)

COMMON 7/ INPUT/ liMAx.ICT‘BUIPRINTQlTﬂTABllXTAB;HZEYAQDXNAXO

EPSZsFJsGrGAMOsPOSPHIL +PIEsPRANDT ¢RBAR,SCALETO
THETAI ,TOLCFA,TOLZET,TOLZME (ZMUD,ZMVIS ,ZNSTAN

COMMON /NHANCE/ I1EX,CEX(6),ENHTAB(100)

COMMON ,TABLES/ PETAB(100) SMTAB(100),TETAB(100),THTAB(100),

VETAB(100),XITAB(1C0),YITAB(100).ZNTAB(100)

DIMENSION PITAB(10G)+TITAB(100),TITLE(13),VITAB(1D0)

EQUIVALENCE

PETAB+PITAB) o (TETAB+TITAB) « (UETAB,VITAS)

NAMELIST /NAMy/ ALTAB,COEFCL ,CPLTAB,CPTABOXMAX ,ENHTAB ,EPSZ,FJs

FLOWRT 1 G2 GAMC+1COOLICTABsIDUMP,IPRINTITHTAB,
ITZTAQBs IXTAB MASSL MZETAPQPETARPHITsPITAB,
RAMOW ,RAMTAB ,RBAR(SCALE ,SMTAB ,To,TCTAB,TETAB,
THETAL o THITABs TITABsTLTABTOLCFALTOLITELTOLZET»
TOLZME+TUBENTWTABTZTAB,VETAB,VITABXITAB(Y]TAB,
ZMTAB (ZMUQ,ZMVIS ZMYTAB ,ZNSTAN

SCALE = 1.0

MZETA s 7
INSTAN = Qel

Fy = 778¢2

G = 324174
TOLCFA a | ,0E=Cy4
TOLITE = QeQO20

TOLZNME = l.0E-0Q7
TOLZETY = 0.0003
DXMAXO = DAMAX
DxmMmax s ~28982.0

READ(5,2) TITLE

FORMAT (136}
READ(5,NAMI)

IF {(DXMAX «NE, =28982+.0) 6O TO 43}
IF (IDXMAX +«EQe D) GO TO 415
DXMAX = DXMAXO

GO0 TO 414

IF (DXMAX «LEs 0+0) 60 YO 414

IDXxMAX = ]
GO TO 4316

REApDQQGOL

/Ca0Ly
/7¢c00L/
/cooL/
/cooL/
/CoaL/
/cooLs
/CGoL/

/CSEVALY
JCSEVAL/
/CSEVALY

/INPUTY
/INPUTY/
/INPUT Y

/NHANCE/

/TABLES/
/TABLES/

INAM Y/
/NAML/
INANML/
INAM LYy
INAMY/
/NAMY/
INANL/

READOO24
READOO27
READOOD28
READDOQ29
READOD3O
READOO31

READOOD32
READOD33
READOOQIY
READOO3Y
READQQ36

READOQ38

READOO43

READOO4S
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414 IDXMAX = 0 L READODH4 6
415 DXMAX =( { XITAB(IXTAB) = XITAB(i) ) 7/ 100.0 ) » SCALE READOOH4Y
416 IF (EPSZ oLEs 0e0) WRITE (647)
7 FORMAT (///7/7/777/756k,19Heee INFORMATION #e@//30X,44H1, THIS CASE
| CONSIDERS TwO=-RIMENSIONAL FLOW//30X,32H2s THE NOZZLE wlIDTH IS ON
2E FOOT//30X%X,59H3s THE SIDE WALLS ARE ASSUMED TO BE ADIABATIC AND
JINVISCID//730X,68H4e MHEAT TRANSFER OCCURS ONLY THROUGH THE ONE FOO
4T WIDE CURVED WALLS//30X,59HSe THE CALCULATED THRUST L0SS IS BASE
SD ON TWO CURVED WALLS//730X.65H6, THE CALCULATED THRUST IS BASED O
6N AN AREA OF ONE BY 2¢YR FEET//30X,55H7e« CHECK THE INPUT VALUES F
70R FLOWRT, MASSLs ANV TUBEN/)
WRITE (643) TITLE
3 FORMAT (1H14,27X,13A6/7)
1ERROR s 0 READOOSO
WRITE(6,102) MZETA READOOS|
102 FORMAT(4SH MZETA = VELOCITY PROFILE POWER LAW EXPONENT27XIH=I4) READOOS2
IF (MZETA «GEe 0} GQ TO 25
WRITE (6,300)
300 FORMAT ( 47H »SERROR®e VALUE MUST BE GREATER THAN ZERO (O)e s/ } READOOSS

LERROR s | READOOSS
25 WRITE(6,103) IPRINT READOOS?
103 FORMAT(73H IPRINT & PRINT AT EVERY CALCULATED POINT(=1) OR AT INPUREADOOSS
1T INTERVALS(=0) =14) READQOSY

IF (IPRINY oEQe 1 «OR4 [PRINT +EQs 0) GO TO 513
WRITE (6,502)
502 FORMAT ( 45H #®ERROR®e VALUE MUST BE ZERO (0) Ok ONE (11e /7 ) READOOG3
IERROR s 1 READQO6Y
513 WRITE(6,104) IXTAB
104 FORMAT(S52H IXTAB = NUMBER OF POINTS IN X eVSe Y «VSe M TABLES20XL1READOOG67
1H=]4) READOOG6S
IF (IXTAW oGEe 4 +ANDs IXTAB oLEe 100} GO TO 30
WRITE (64+304)
304 FORMAT (/2X,104Hes ERROR ee VALUE MUST BE_GREATER THAN OR EQuUal TO
1 FOUR (4) OR LESS THAN OR EQUAL TO ONE HUNDRED (100)4 //)
IERRUR = ] READOO76
30 WRITE(6,105) 1CTaAB READCO77
105 FORMATI(45H ICTA8 = NUMBER OF POINTS IN CP evSe T TABLE27XIHs14) READOCO78
IF ({CTAH «Eqs 0O) GO 7o 37
IF (1CTAB +GE, 3 JAND, ICTAB LLEs 20) GO TO 37
WRITE (4,3G6)
366 FQRMAT (/2X,98Hees ERRQR ®® VALUE MUST BE GREATER THAN OR EQUAL TO
ITHREE (31 OR LESS THAN OR EWQUAL TO TWENTY (20)e//)

TERROR = | READOOBY

37 ARITE(S,106) 1TwTAB RKEADQOYO
106 FORMAT(73H 1TwTaps = wall TEMP, OPT]ON =~ ADIABATIC(==1), CONSTANT(READDO?!
1=0), TABLE(=1) =[4) READOO%2

IF (1ABS(ITWTAB) +EQe | «ORe ITWTAB +EQe Q) G0 TO 523
WRITE (6,4512)
512 FORMAT ( 67H S®*ERROR®*s VALUE MUST gE ZERO (O0)y PLUS ONE (1) QR MIREADOO9s

INUS ONE (=1), /7 ) READOO97
1ERRUR - | READOD98

523 WRITE(6,111) TO
111l FORMAT (48 TO » FREE STREAM STAGNATION TEMPERATURE 24x1H=1PREADODIO]
1E1547) READOIQ2Z

IF (TO «GTe 048) GO TO 41
WRITE (6,300)
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TERROR = | READO10S

41 WRITE(6,112) PC READO1OS
112 FORMAT(S50H PO = FREE STREAM STAGNATION PRESSURE 22X1HaREADGIO7
1IPE1S.7) READO108

IF (P0 +6Te 0s0) 60 TO 43
WRITE (6,300)

1ERROQR a1 . READOLI1

43 WRITE(6,113) GAMD READO1}2
113 FORMAT(44H GAMD = STAGNATION RATIO oF SPECIFIC HEATS28X1H=1PE154READOL)I
17) READO11 4

IF (ICTAB oNEs 0) @Q TO 47
IF (GAMpD «GTe le0) GO TO 47
WRITE (44541)
541 FORMAT ( 48H #%ERROR®*s VALUE MUST BE GREATER THAN OnE (1.0)e 7/ JREADOL1SB

IERROR = ] READOLLY
47 WRITE (&6,115) ZMUD
115 FORMAT(38H ZMUD = STAGNATION VISCOSITY A4XIH8IPELSe7) REApO126

IF (ZMUD «GTe GeG) GO TO 51
WRITE (6,300)

lERROR = ] READO129
51 WRITE(6,116) ZIMVIS READO130
116 FORMAT(47H ZMVIS = EXPONENT OF VISCOSITY-TEMPERATURE LAW25X1Hs|PEREADO131
115471} READOD132
WRITE(b6,117) ZNSTAN READO133
117 FORMAT(45H INSTAN = BOUNDARY LAYER [NTERACTION EXPONENT27X1H=3PEISREAQOL 4
1e7) READOL3S
WwRITE(6,118) DXMAX READOL 36
118 FORMAT(3:H DXMAX = MaXIMUM STEP SIZE 41X}Hs\PE15e7) READQ137

IF (THETAI oLTe 0.0) GO TO 44
WRITE (6.119) THETAI

119 FORMAT(49H THETAI = INITIAL VALUE OF MOMENTUM THICKNESS 23X iH= |READOL 40
IPELS.7) READOL 4!
WRITE (441200 PHIL

120 FORMAT(47H PHII s INITIAL VALUE OF ENERGY THICKNESS 25X IHnPEREADDI 4]
1157} READO 44

44 WRITE(6,121) EPSZ
121 FORMAT(glH EPSZ = GEOMETRY,.s AXISYMMETRIC(ml,.), PLANE(=D0,)2XI1HREADOL47
1%1PE1S.7) READO148
IF (EPSZ +EQe OeO +sORs EPSZ »EQs 1.0) GO TO 533
WRITE (6.502)
IERROR s 1 READO152
533 WRITE(6,122) RBAR
122 FORMAT (}%,35RRBAR = GAS CONSTANT AT STAGNATION,36X,1H=,|PE]5.7)
IF (RBAR +GTe 840} GO TO 53
ARITE (4,300)

LERROR = | READO1ISS
53 #RITE(6,123) FJ READO1SY
123 FORMATI(SIH FJ = CONVERSION BETWEEN THERMAL AND WURK UNITS2iX1HREADO160
1=1PEL1Se7) READQ161

IF (FJ GTe Go3) GO TO 55
WRITE (46,300)

1ERROR = | READO16Y
55 WRITE(6,124) G READO16S
1249 FORMATISTH G = PROPORTIONALITY CONSTANT IN EQUATION == FaM/GeREADOLIGS
1AISXIHSIPELIS.7) READO167

IF (6 +6Ts 0.0} 60 TO 420
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WRITE (6,300}
JERROR = | READOL70
420 WRITE(6,421) SCALE READOL171
421 FORMAT ( 30M SCALE = CONTOUR SCALE FACTOR, 42X, IH=, 1PE15.7 } READO172
IF (TOLCFA +EQe leQE=4) GO TO 402
WRITE (6,401) TOLCFA
401 FORMAT ( 47H TOLCFA = TOLERANCE FOR SKIN FRICTION ITERATION, 25X, READO175
1 iHe, 1PE15e7 ) READO176
402 IF (TOLZET +EQe 0.0003) GO TO 405
WRITE (6,404) TOLZET
404 FORMAT ( 49H TOLZET = TOLERANCE FOR SHAPE PARAMETER ITERATION. READOL79
1 23%, ln=, 1PEISe7 ) READO180
405 IF (TOLZME «EQe 140E=7) GO TO 205
WRITE (6,407) TOLZME
407 FORMAT ( 45H TOLZME = TOLERANCE FOR MACH NOe = TEMPEKATURE RELATIOREADO182]

IN ITERATION, 7X, IHey JPE1S.7 ) READO184
205 WRITE (46,900) ITZTAB.IDUMP FLOWNRT 4MASSL RAMDW,COEFCL,TUBEN,
i TOLITE.1CO0L

$00 FORMAT (1X16BRITZTAB = NUMBER OF POINTS IN T «VSe CPL sVSe RAMDL o
IVSe ZMYUL TABLES 13X IH®14/1Xy63HIDUMP = COOLANT FLOW OPTION ~= S
2AME DIRECTION(=1), REVERSE(®D),8X,1Hn,14/1X,52HFLOWRT = COMBUSTION
3 CHAMBER MASS FLOW RATE (LBM/SEC)+19XslHmyIPEIS7/1Xs41HMASSL =
Y4O00LANT MASS FLOW KATE (LBM/SEC) . 30XsiH=sEL15e7/1X.46HRAMDW = HEAT
SCONDUCTIVITY OF THE CHAMBER WALL ,25X,1H=,E15.7/1X,31HCOEFCL = COEF
CFICIENT OF COOLINGs4OXsIH=4E15¢7/1Xs20HTUBEN = TUBE NUMBER.51X,

7 IH3,E15.7/1X+52MTOLITE ® TOLERANCE FOR TOTAL MEAT TRANSFER ITERAT
BION, 19X , IHS E15+7/1X464RICO0L = COOLING OPTION == wITH COOLING(=!
9) s WHITHOUT CUOLING(®D) 97Xy 1lHn,I4)
IF (1CTAB oLEs C +AND, ITZTAB oLEs O) GO TO 11
WRITE (6,131)
131 FORMAT (//2XsIHI5XeJ3HSPECIFIC HEAT 5K I JHTEMPERATURE»SX,
I 12HCOOLANT TEMP 5X s 1OHCOOLANT CP+s5Xs J2HCONDUCTIVITY 55X,
2 9HVISCOSITY)
IMAX = AMAXI(ICTABITZTAB)
DO 133 1 = 1,1MAX
IF (1 oLEs ICTAB LANU, | LLE, ITZTAB) O 7O 130
IF (ICTap oGTe 1TZ7AB) GO TO 1232
WRITE (6ad) F4TZTABII) oCPLTAB(I) JRAMTABC(I) ZMYTABLL)
] FORMAT (§3+41XsF9¢306XsF10e6:5X,F12¢1003XsF1l2e10)

G0 TO 133

130 WRITE (644) ToCPTABC(I)oTCTABUL} o TZTABLI) +CPLTABLI) oRAMTABIL),
i IMYTABI(L)

4 FORMAT (13+5XsFi3aiCo6XsF9e¢348X FPe3¢6XsF1006s5XsF12010,3XsF12010)
60 70 133

132 WRITE (645) 1,CPTAB(L)oTCTAB(I)
5 FORMAT (13e5XeF13e1036XsFPe3)
133 CONTINUE
IF (1CTaB e¢LEe D) G0 To 11
11 a ICThB - 1} READOL193
PO 59 1 = 1y 11 READO194
IF (TCTaB(l+1) oGT, TCTABC(I)) G0 TO 59
WRITE (4,310)
310 FORMAT (/2X499H®s ERRQR ®# TABLE OF SPECIFIC HEATS = TEMPERATURE V
1ALUES MUST BE IN MONATONICALLY INCREASING ORDER,//)
I1ERRUR s 1 READC201
59 CONTINUE READQ202
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32

61

32

63
i1

34

65

e

67

12

317

69

13

14

423
424
135
136
137

138

139

JIF (TCTABIL) _oGTe Qe0) GO TO 61

WRITE(6,312) READO20S5
FORMAT (/2X.87Hee ERROR ¢e TABLE OF SPECIFIC HEATS = TEMPERATURE V
IALUES MUST BE GREATER THAN ZERO (0)e/7)

IERROR =

PO 63 I = 1,ICTAB

IF. (CPTABLI) oGTe Qe8) GO TO 63

WRITE(6,313) READO2])
FORMAT (s2X,89Hes ERROR #e TABLE OF SPECIFIC HEATS = SPECIFIC HEAT

I VALUES MUST BE GREATER THAN ZERO (0)e//)

1ERROR LI READO214
CONTINUE READO231S
DO 65 1 = 1,[XTaB

IF (ZMTAB(I) «GTe GeD) GO TO 65

WRITE (46,314)

FORMAT (/2X,97Hee ERROR ®e TABLE OF MACH NUMGER DISTRIBUTION = WAC

IH NUMBER VALUES MUST BE GWREATER THAN ZERO (0)4/7/)

TERROR s 1 READO223
CONTINVE READD22%
B = [XTAB = | READOQ225
bo 67 1 = 1, 11 READQ226

IF (XITAB(I+1l) oGEe XITAB(I)) GO TO &7
WRITE (6,318)

FORMAT ( 40K e*ERROR®*® TABLE OF CONTOUR DESCRIPTIONe /7 69H AX1AL OREADO229
JISTANCE VALUES (X) MUST BE IN MONOTONICALLY INCREASING ORDER, // JREAD0O230
1ERROR s 1 READO231
CONTINVE READO232
IFCITWTAB) 14,113,312 READO233
Lo 69 1 = )4 IXTAB READO2234
IF (TWTAB(I) +6Te Ge0) GO TO 69

WRITE (6.317) .

FORMAT (/2X.1021®% ERROR ®® TABLE OF WALL TEMPERATURE DISTRIBUTION
I « TEMPERATURE VALUES MUST BE GREATER THAN ZERO (Q).//)

1ERRUR = 1 READO239
CONTINUE READOZ240
G0 TO 14 READO24)

IF (TWTAB(1) «GTe 040) 6O TO 14

WKITE (6,317)

1ERROUR = 1 READO 245
IF (SCALE +E@e 1eD) GO0 TO 424

Do 423 1 = 1,1X7AB

X1Tag (1) = XITAB(l) e SCALE READO250
YITagi i) a YITAB(I) ® SCALE READO251
IF (ITWTAB) 137,135,140

WRITE (6,136) TWTAB(])

FORMAT (//2X+s18HWALL TEMPERATURE =,F20¢8)

WRITE (646)

FORMAT (1H1)

WRITE (6,138)

FORMAT (3Xs1HI01 24 e5HAXTAL I 1XeAHRADIAL S 1OX s 4HMACHIFA2BHPRESSURE

1 4Xs LIHSTATIC TEMPI7XeBHVELOCITY 16X 17HMOLECULAR/IBX6HIFEET) s 11Xy
2 GH(FEET) 9K s 6HNUMBER (8X ¢BHILB/FT2) 44Xy 1 IH(DEGREES R),7X,
3 BH(FT/SEC) +8X16HWEIGHT)

ARITE (6,139) (1 XITABCI) JYITAB(L) ,ZMTABUI) yPETAB(1)»TETAB(I),

i UETABU(I),SMTAB(l), 1 = 1,1XTAB)

FORMAT (1496XoF11absbXtFll1eb,6XeFPebsbXsFl0e3sbxsFTe¢346XsFT¢3,6K,
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140

142

141
145

33

212

257
260

1 F9e6)

G0 TO (45 READD260
WRITE (6,6)

WRITE (4,142)

FORMAT (3X,31HIs12X,SHAXIALs11Xy6HRADIAL 10X 4HMACH,,9X ,8HPRESSURE s

1 4%, IHSTATIC TEMP+7X,BHVELOCITY 16X FHMOLECULAR 6Xs9HWALL TEMP/

2 15K bHUFEET) s LIXsOHIFEET) s 9X s6HNUMBER»BXsBHILB/FT2) 44X,

3 JIH{DEGKEES R)+7XsBH(FT/SEC) s8X46HNEIGHT 945X 1 IH(DEGREES R))

WRITE (64141) (I XITABCI) YITAB(I) ,ZMTAB(I)PETAB(I) . TETAB(I),

i UETAB(L) ,SMTAB(L) ,TwTAB(l)y I & 1 ,1XTAB)

FORMAT (1406XsF1lobrOXoFllobebXaFPebsbXoFl0030b6XsFTe3:16XsFFe346Xy
1 FPobsbXsF9e3)

IF (1CO0OL oGTe 0) WRITE (6433) (1JALTABII)»TLTABILI) o THITAB(I)
1 ENHTAB(])y | = | ,1XTAB)

FORMAT (1M1 45Xa1H] 45X, 17HCUOLANT TUBE AREA,5X,19HCOOLANT TEMPERATU
IRESX oL 4HWALL THICKNESS5Xs J IHENHANCEMENT/ 16X 4 13H(SWUARE FEET) 27X,
2 17H(DEGREES RANKINE) s 13XeOH{FEET) «7Xs7HFACTORS/ (4X413011X4F11e8,
2 14%0F10e34BXsF1148,5x0F11e81))

IF (IXTAB sLEe 1) GO TO 260

0O 257 | = 2,1XTAB

IF (XKITAB(1l) oGTae X1TaB(Il=}l)) GO TO 257

WRITE (64212)

FORMAT ( 33H ¢®ERROR®e TABLE OF XITAB VALUES. /7 ) READDO269
IERROR = | READDZ270
CONTINUE READO271

IF (ITNTAB oLTe 3) GO TO 77
IF (THETAI «GEe Je0) GO TO 77
WRITE(6,76)

76 FORMAT ( // 99H *eERRQOR®e MacH ONE START DOES NQOT PROUDUCE REASONABREADD276

77

94

LLE VALUES FOR UTHER THAN AN ADIABATIC WALL CASE. /7 ) READO277
TERROR s ] READO278
IF (IERRUR +LEe 0) RETURN
CALL QUITS
END READO28HY




SEVAL
SUBROUTINE SEVAL (IND1,AA,BB,.CC)

C
COMMON ,CSEVAL/ NOCTAB,IS,R0U,FJG,CJG,6M102,606M],POMHAX,CPD,HO, /CSEVAL/
A . SOsTCTAB(20) ,CPTAB(20)+8CP(20)4CCP(20)DCP(20) /CSEVAL/
K GTAB{20) 4HTAB(20) ,8ARBI(20)BARB2(20),BARB3(20) /CSEVAL/
C .
COMMON ,INPUT, 1DXMAX ICTAB,IPRINT,ITWTAB,IXTAB ,MZETA,DXMAX, /INPUT/
A EPSZeFJsGsGAMDIPOLPHIT +PIE«PRANDT s RBARSSCALE,TO /7INPUT/
(3 THETAI s TOLCFA+TOLZET»TOLZME +ZMUD,ZMV IS, ZNSTAN /INPUT/
C
C DEFINE THE FUNCTION ROUTINE TO BE USED BY SEVAL
C
GAPF(TsGoAlsB1eCl4DL) = GeAlSALOGIT)I+(BI+(CLI+D1/300T)eT)eT=PR SEVA 16
T = AA SEva 19
A = BB "SEVA 20
B = CC SEVa 21
IF(IND1=2)341,155 - SEva 22

] B = B/FuG
IF (ICTAB «GTe 0} GO TO 35
T = B/CPO
A = CPO
GO0 TO 690 SEVA 27
3 IF (INDI «LTe 1) @O TO 10
IF (ICTAB «GTs O) GO T0 18
A = CPO
B = CJGeT
GO TO 600 SEva 232
155 PR = ROJ*ALOG(A/PGMAX)
160 STAB = GAPF(TCTABU(IS) GTAB(]IS)+BARBI(IS) BARB2([S)8ARBI(IS),
A DCP(1S))
IF (B «GEe STAB) GO 7O 175
Is = |5 - |
IF (IS +LEe 0} GO TO 17
G0 Tou 140 . SEva 238
175 STAB = GAPF(TCTAB(IS*1) GTAB(IS) BARBI(IS)»BARB2(1S)BARBI(IS)
A PCP(is))
IF (8 4LV, STAB) GO TO 190
IS = 1S « |
IF (IS «GEe 20) GO TO 17
G0 TO 17% SEVA 43
190 IF (IS5 +GEs NOCTAB +ORe IS «LEe 0) GO TO 17
TIP = TCTAB(IS) .
FP = GAPF(TCTAB(IS),6TAB(IS),BARBI(1S),BARB2(IS) ,BARB3(IS),

s DCPLIS))
TTPP = TCTAB(IS+})
FPP = STAB SEva S0
GO0 TO 75 SEva 51

10 IF (T sGEs TCTA8(IS)) GO TO 15

Is = 15 = 1

IF (1S «LEe 0O) GO TO 17

GO T0 10 SEVA 54
15 IF (T +LTe TCTABIIS*I)) GO TO 16

Is = S + |

IF (1S +GEs 20) GO To 17

60 TO 15 SEVA 57



16

17 WRITE(6,18)

i8

19

60

65

70

35

50

51

75

215
220

104

100
135

130
115

96

A

A

A

IF (IS «6Te O) GO TO 19

IS+ INDL,T,A,8

FORMAT (17HOSEVAL FAILUREeess5Xs4HIS ms1495X,6HINDL =,12,5X,
3HT %, PE15¢7 45X03HA =+ JPE15¢795X03HB =,1PELS.7)

CALL QUITS

[F (1S .GEe« NOCTAB)

IF (IND1) 70465,60

DELT = T =« TCTAB(IS)

B ® HTAB(1IS) + CPTAB(IS)®DELT + D+5¢BCP(IS)®DELTes2 +

G0 T0 17

CCP(IS)/3.,08DELT®#3 + 0+25°DCP(1S)*DELTes4
B = BeFJG
60 TO 141}

PR = ROJU®ALOG({A/POMAX)

B = GAPF (T GTAB(IS) BARBI([S)BARB2(IS),BARBI(1S).DCP(IS))

60 To 600

A ® POMAXSEXP({GTAB(LS)
(BARB3(1S)

+ BARBI(IS)®ALOG(T) + (BARB2(IS) +
¢« DCP(1S)/7340°T)®T})eT = B)/ROJ)
Q0 TO 4600
IF (B eGEe
iIs = |S =}
IF (IS «LEe 0)
G0 T0 35
IF (B oL Te
IS = [S « |
IF (1S +GE.
GO T0 S0
IF (1S «GEe NOCTAB
TTP s TCTAB(IS)
FP = HTAB(IS)
TTPP = TCTAB(IS+1)
FPP = HTAB(IS+l)
TYO = (TTP ¢ (FPP = B ) =
IF (IND1 «6T. 2) GO TO 215
DELT = TT0O = TCTAB(1S)
FO = HTAB(IS) + CPTAB(LS)IeDELT + Da5*BCP(IS)SDE_Te®2 »
CCP(1S)/3+0¢DELTee3 + 0.250DCP(IS)eDELToey
60 TO0 220
FO = GAPFITTO.GTAB(IS) s BARBI(IS) BARB2(IS) +BARBI(IS)HDCP(IS))
TTIP = (TTO ® (FPP = 8 ) = TTPP *(FO = B)) /( FPP = FO)
TTIPP = (TTO o ( FP =« B ) = TTP ¢ ( FO = B))/( FP « FO)
N & =}
TAU = TTO
SF s FO
IF (ABS((SF - 8l/8)
IF (SF oLEs B)
TTYPP = TAU
FPP = Sf
G0 Tu 130
T s TAu
60 To 225
TTP = TAU
Fp = SF
IF ¢( N 115 ,
N = 0
TAU = TTIP
G0 TO g5

HTAB(1S)) GO YO 50

@0 T0 17

HTAB(IS+#1)) GO To 51

20) GO TO 17

+ORe IS oLEe 0) GO TO 17

TIPP & (FP =~ B )) /( FPP = FP)

OLE-
Gg TO 135

1¢0E~7) GO TO 100

120 , 125

SEVA

SEVaA

SEvVaA

SEVA

SEVA

SEVA

SEVaA

SEVA

SEVaA

SEVA
SEVA

SEva
SEvaA

SEva
SEVA
SEva
SEVA
SEVA
SEVA
SEVA
SEva

59

61

68

71

74

77

80

87

92

94
95

97
98

101
102
106
107
tos
109

110

1l




120 N = 1 e ) _SEva 112
TAU = TTiPP SEva 113
85 IF (TAU LLE, TTP. L0R, TaAU ,GEe TTPP) GO TO 130
IF (INDY oLEs 2) 60 TO0 9%
SF = GApF(TAU.GTABIlSloBAﬁﬂlllS).BARBZJIS)QBARBS(IS).DCP(IS))
GO TO g% SEvA 118
95 DELT s TAU = TCTABL(LS)
SF & HTAB(I1S) ¢ CPTAB(IS)®DELT + 0.5¢BCP(IS)eDE_  Te®2 «
A CCP{IS)/3sGeDELTu®3 ¢ 0,25¢DCP(IS)wDELTeeq
GO TU 104 SEVA 122
125 IF (((FPP = FPI/(FP ¢ EPP)) +GTa 0.0010) 60 7O 75
T = (TTP#(FPP = B) = TTPPe(FP = BI)/(FPP = FP)
225 IF (IND1 JGT. 2} G0 TO 400
DELT = T = TCTAB(IS)
141 A = CPTAg(1S) * BCP(IS)®DELT + CCP(IS)I®DELT®e2 + DCP{IS)eDELTe*3
600 AA = T

88 = A SEva 130
IF (IND1 +EQe¢ 2) RETURN
CC = B
RETURN
END SEVA 134
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START
SUBROUTINE START STAR 1
C
COMMUN ,COFLIIF/ IFINT, AFINT ,BFINT CFINT MMINT,TFINT /COFILIF/
C
COMMON /CSEVAL/ NOCTABsISsROJUIFJIGICUGoGMI02+G0GMI 4POMAX,CPB.HO /CSEVAL/
A SO, TCTAB(20) ,CPTAB(20) +BCP(20)sCCP(20)DCPI20) /CSEVAL/
K GTAB(20),HTAB(20),8ARB1(20),BARB2(20),BARB3(20) /CSEVAL/
€
COMMON ZINPUT/ IDXMAX ICTAB IPRINT ITWTABIXTAB MZETA,DXxMAX, /INPUT/
A CEPSZFJUsGsGAMOPDPHII PIEJPRANDT ,RBAR SCALE TO JINPUT/
K THETAL o TOLCFASTOLZET»TOLZME sZIMUDZHMVIS+INSTAN JINPUT/
C
COMMON ,INTER, CFAGT ,CFAGP ,CHPAR] DX DXRHO ,HE ,Hw ,IBEG,MZETAM, /INTERY
A OOMZET +PHIP PREIQIJRHOE s RHOUE JRMZETATHETAP, /INTER/
K XIBASE (XIEND,ZETATM,ZMZETA JZMZETM,ZMZETP /INTER/
C
COMMON /LOOKUP/ ICXsIMXoIPXyIRXsISXs ITPOSsITWX,ITXs1UXsIXPOS.,IYX, /LOOKUP/
i LZXaCCXUE) yCMXLE) 4CPXLE) JCRX(H) (,CSX(6) 2 CTWX(L) /LOOKUP/
2 CTXUE) 2CUXLL) sCYXTH)CZX(S) /LOOKUP/
C
‘COMMON /QUTPUT/ BDELTAICFCH4DELTA,DELSOT DELSTRFLAT,FORCE HG?» /O0UTPUT/
A PEsPHI s QW ,SUMQDA, TE, THETA TW,UE X+ XLARC,YRs 21, /O0UTPUT/
K 22+23,24225,ZETAZME /0UTPUT/
C
COMMON /SAVED/ as1BsCr211sZ11PsZ12+212Ps21342i3P2144215,2164217 /SAVED/
C
COMMON /TABLES/ PETAB(100),SHTAB{100),TETAB(IO00) THTAB(100), /TABLES/
i VETAB(100) . XITAB(1CO)YITAB(100).ZMTAB(100) /TABLES/
C
IMx s -] STAR 3%
1YS = «)
1Twx s =] STAR 37
I =0 STAR 38
5 1 a | + 1 STAR 39
IF ( ZMTABU]) = }e ) 10, 20, 15 STAR ‘40
10 IF (1 JLT,. IXTAB) GO TO s
25 WRITE (6,1800)
1000 FORMAT (/35X,62H%e START FAJLURE e MACH NUMBER TABLE DQES NOT INC
tLUDE M = Len//)
CALL QUITS
20 X a x]TABL]) STAR 43
I1BEG = ]+ ] STAR 44
GO TO0 50 STAR 45
15 IF (1 ebLke 1) GO TO 25
XG = xItaB(])
IME = ZMTAB(]) STAR 49
X = XITAB(I=1) « ( XITAB(I) = XITAB(I=1) ) / ( ZMTAB(1)STAR &0
1 -~ IMTAB(L=1) ) ® ( le = ZMTAB(I~=1) ) STAR 51
J = 0 STAR 52
iBEG s 1 STAR 523
36 J = g+ |} STAR 54
X0 = XG STAR 55
Mo = IME STAR 56
xG = X STAR 57
CALL XNTERP ( X, ZME, ZMEP, [MX, XITABs ZMTAB, [XTAB, CmX, IMX ) STAR 58
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IF (ABS(ZME = 1e0) oLEe TOLCFA) GO TO 50
ZMX = (%G = X0)/UIME -~ ZMO)
X w= X0 + (. le » ZIMO ) & INX STAR 61
IF (J +LE« 50! 6O TO 35
SRITE (4,3010)
1010 FORMAT ( 64H #*START FAJLUREese MACH NOeo CALCULATION EXCEEDED 50 ISTAR 25
tTERATIONS: // ) STAR 26
50 CALL XNTERP ¢ X, ZMEs ZMEP, IMX, XITABs» ZMTAB, IXTABs CMX, IMX ) STAR 64
CALL XNTERP tXaYRSYRP,IYSXITABIYITABsIXTABICYX,IMX)
CAalL GETPT (ZIME,PSE,TE)

CALL SEVAL t L. TE. CPE, HE ) STAR &7
GAME = CPE / ¢ CPE = RBAR / Fu ) STAR 68
HB = HO = HE STAR 49
UE = SURTL 2¢% HB ) STAR 70
RHSE = PSE/TE/RBAK
My s ZMUG ¢ ( YE , TO ) e 2ZMVIS STAR 72
HAW = HE +(PRANDT s ( 14/ 3¢ }) * HB STAR 73
CALL SEVAL ( 2y TAW, CPAW, HAW ) STAR 74
IF ( PTWTAB ) 55, 48, 6% STAR 75
55 Mi = HAW STAR 76
Tw = TAWN STAR 77
@0 TO 70 STAR 78
62 H& = TWTAB(2)
TW = TWYAB(]) STAR 80
@0 TO 70 STAR 81
65 CALL XNYERP { X, T#, TWP, ITwX, XITAB, TWTAB, IxTAB, CTwXx, IMX ) STAR 82
CALL SEvaAL ( 1y Tw, CPW, HW ) STAR 83
79 AFINT = HW STAR 84
BF INT = HO = Hy STAR 85
CFINT = = HB STAR 86
TFINT = TE STAR 87
MMINT a MIETA STAR 88
FFINT = 1 STAR 89
CALL INTZET ( Qes les 211 ) STAR 90
IFINT s 2 STAR 91
Cakh ENTZET ( Qe 1oy Z12 ) STAR 92
VELSQT a ( le /7 IMIETA -~ Z12 ) / 211 STAR 93

IF (EPSZ +EQ, S40) GO TO 72
ERASES = YRP/YR

b0 To 73 STAR 96
72 ERASES = 1.0 . STAR 97
73 ERASES & { js * DELSOT ) /7 & 1a * | GAME = le ) /7 24 ) » STAR 98
i Znkp + ERASES STAR 99

IF (ERASE4 JNE., 9,6) &0 TU g8
WRITE (4,1020)
1020 FORMAT (/2ZXo749H%* START FAILURE oo [NIT]AL VALUES FOR PHII AND THE
1TAl CANNOT BE COMPUTED,./3X,55He CHECK SLOPES OF MACH NUMBER AND CO
2NTOUR INPUT TABLESe//)

80 ERASEL = 1742 ® ( 10 = TAS ) / TAw STAR 103
ERASE2 = 305, ¢ { TE = 70 ) / TAW STAR 104
CTHET = +50%SQART(1e0 + YRP®»2)/ERASEY
CRTZ = (TAW/TE}#»%(1eQ = ZMVIS)®RHSESUE/ (ZMUSCTHET)

ERASE] = TAs / TE STAR 108
CFA = +3C1I STAR 109
JE a g STAR 110
85 JE = JE « | STAR 111

e)
[le]



CFG = CFA STAR 112

THETA = CFG o CTHET STAR 13
CR = CRT2 » THETA e THETA STAR 114
CFB = CFEVAL(CR) STAR 115

TTAN = |0 + ERASEI*SQRT(CFB/2+D) + ERASEZ#CFB/2.0
IF (TTAW +GTe TeD) &GO TO 120
CFA = 3,0¢CFG

105 24 = CFA STAR 119
i2 = CFG STAR 120

110 1F (JE .LEe 50) GO TO 85
WRITE(6,1030) STAR 123

1030 FORMAT (/2X,74Hes START FAILURE se INITIAL VALUES FOR PHII AND THE
1TAl CANNOT BE COMPUTEDe/3Xy27H® CHECK SKIN FRICTION DATAWL//)
GO TO 140 STAR 124
120 CFa = CFB / ( ERASE3 ® TTAW ¢ IMVIS ) STAR 125
IF (ABS({(CFA = CFG)/(CFA + CFG)) +LE. TOLCFA) GO TO 140
IF (JE oLTe 2) GO TO 105

13 = 74

{1 = 72 STAR 129
4 s CFA STAR 130
L2 s CFa STAR 131

£S5 = (Z4 = Z3)/7(22 = Z1)
CFA = (Z4 =~ 15%¢72)/(1+0 = Zs5)
GO TO 110 STAR 134
140 THETAl = CFA®CTHET
PHII = THETAI
CFAGT = CFA STAR 1238
ZETA "] STAR 139
WRITE (641040) XsYR)THETAIJPHII
1040 FORMAT ( 94HOINITIAL VALUES FOR ENERGY ( PHIL) AND MUMENTUM ( THETSTAR 30
IAI) THICKNESSES CALCULATED AT THROATeee 7/ 5SH X = 4 IPE1447, 85X, STAR 31
2 4HY = , El4e7s SXo BHTHETAL ®, El4e7, 5Xs SHPHII =y El4e7 /77 ) STAR 32
RETURN STAR 141}
END STAR 142
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KNTERP _

C .

<

9}

12

13
20

22 WRITE(6,23) KXo XAR(I), XARCLXAMAX+]1),
23 FORMAT ([ 2BHOXNTERP OUT OF RANGE,,.,
]
2

25

27

28

33

32

33

3%

as

38

42

SUBROUVINE KNTERP (XoY YP leN.XAR.YAR-lAR.CAR.IPOS)

DIHENSION Clb).CAR(b) XAR(IAR) XI€4) ,YARCIAR) Y1 (&)

lXOlleN
JXMAXSIAR=]
1Xx=]1POS

PO 11 I m 1,6

Cil)nCaAR(L])

IF (IX0 +6Te 0} 0O TO 13

IFIRST=y

1A0=1XMAXS2

IXx=}

IF (IX +LEs 8) GO.T0 12

IF (X ,GEe XAR(EX)) 6O TO 25

IX = X =1 .
IF LIX +GTs 0) 60 70 20

YAR(1)»
1PELIS.7,

X =,

E1S5e71 BHe X(N) ®o EISe7 7 43X,

8 YiN) =, EISe7 /7 )

CALL QUITS

IF (X oLEs XAR(IX#!)) G0 Yo 27

Ix = IX + 1
IF{IX=IXMAX) 25,25,22
D0 28 1=]1,.4

1= X=2+]

X[(i)sXAR(I1)
YI(l)sYAR(IL)

Dx2 = X = Xp¢2)1
DX32=X1¢3)=%1(2)

IF (1X = IXQ) 40.31.60 .
iX0G0=0

IF (X +GTe }) GO TO 33.

1GO0s=}
60 TG 10}

IF (KX oLTe IKMAX) GO TO 35
IF CEFIRST +EG+ O) & TO 34

IFIRST = 8
IgO=}

o TC 4%
I1gOa]

@0 TO to00
leG=g

G0 To 106
I20G0==}

IF CIX +LTe [X0 = }) 60 TO »2

Citq) = ctad
Ci51=C(2)
Clé)=Cci3)

&0 TO 43
Ct4i=yl(2)
DX42=Xx1¢4)=Xx1(2]
DY32=yl¢31-YI(2)
DYOX32=pY32/DX32

8Hs

YAR(UIXMAX®])

Y{1) =,

8H, X(1) =,

El15e7,

ANTE
XNTE
XNTE

XNTE

ANTE
ANTE
ANTE

XNTE
XNTE
XNTE
XNTE
ANTE

XNTE
ANTE
XNTE
ANTE
XNTE

XNTE
XNTE

XNTE
XNTE

ANTE
ANTE
XNTE
ANTE
ANTE
XNTE
XNTE

XNTE
XNTE
XNTE
ANTE
XNTE
KNTE
XNTE

e

2}
23

24
25

37
38
39
41
49
51

53
54

58

60
61
62
63
64
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Clo)=(DYOXI2=(YI(4)=Y](2))/DX42)/7(X1(3)=X1(H4)) XNTE 74
C(5)mDYOX32=C(6)*DX32 XNTE 75
IF (IX0GU +GTe ©) GO TO 100

43 IF (iIX LLEe 1} GO TO 32

160 = 0

45 C{l)=sYl(1) XNTE 79
Dx2tsxl¢2i=x1(1) . XNTE 80
OX31=x1(3)~x11(1) XNTE 81
Dy2i=yl(2)=-vi(l) ] ANTE 82
DYUX21=pY21/DX21 XNTE 83
C{3)=(0YOX21=(YI(3)=Y1{1))/DX3D)/UXI(20=X1(3)} XNTE 84
C{2)=DYOX21=C{3)eDX2] XNTE @85
IF(IX060) 100,100,462 ANTE 86

60 1X0G0s! XNTE 87

IF (IX «GTe 1X0 + 1) GO TO 45
Cil) = C(4)

C({2)=C(5) XNTE 90

Cl{)=C(6) XNTE 91
62 IF (IX «GEs IXMAX) GO TO 34

160 = 0

GO TO 42 XNTE 94
100 Oxt = x = XI1(1)

YBI=(C(3)eDX1+C{2)000X1+C(1) XNTE 97

YPB]sC({3)/e5eDX|+C(2) XNTE 98

IF (160 «6Te 0) GO0 TO 110
10} YB2 = (C(6)eDXx2 + C(5))eDX2 + C(4)
YPB2aC(4)/e50DK2+C (S} XNTE 102
IF (160 +LTe O) GO TO 120
Ul = DX2/DX32

U2sylsUy XNTE 106
VUasyzel) XNTE 107
Alm3,eyU2=2400U3 XNTE 108
AlPmoeo(U]1=U2)70K32 XNTE 109
Yu(le=AL)eYBleALleYR2 XNTE 110
YPS(le=A1)*YPBI=A|Pe(YBiI=YB2)*A[vYPB2 XNTE 111
105 IXIN=IX XNTE 112

IF (IX0GU ¢EQe 0O) RETURN
DO 107 1 = 1.4

107 CAR(l)=C (1) . XNTE 117
RETURN

110 Y=sYpl . XNTE 119
YP=YPB1 XNTE 120
G0 TO0 108 R KNTE 12¢

120 Y=YB2 XNTE 122
YP=YPB2 XNTE 123
G0 T0 105 XNTE 124
END . . XNTE 125
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ZETALY

C

C

32

33

76

SUBROUTINE ZETAILT

COMMON /COFIIF/ IFINT AFINT BFINT CFINT MMINT  TFINT

COMMON /INPUT/ IDAKMAXsICTAB+IPRINT,ITWTAB+IXTAB«MZETADXMAX,

A EPSZeFJ2sGsGAMOsPOWPHII +PLIE«PRANDT RBARSCALE+TO»
K THETAI TOLCFA,TOLZET,TOLZME ,ZMUDQ,ZMV]IS ,ZINSTAN
COMMON /INTER/ CFAGTICFAGP sCHPARY 4DX DXRHOWHEsHW,IBEGIMZETAM,
A COMZET 4PHIPsPREIOI+RHOE sRHOUE sRMZETA, THETAP,
K XIBASE JXIEND,ZETATM,ZMZETA,ZIMZETM ,ZMLETP
COMMON /0UTPUT/ éDELTAICF'CHoDELTAlDELSOT-DELSTR.FLA‘aFORCE.HGI
A PEsPHI s QN SUMQODASTEZTHETA TN ,UE . X s XLARC,YRsZ1,
K 22423 ,24,25,ZETA,IME

COMMON /SAVED/ A#BsCa2I10Z11PaZ124212P+1Z1342Z13P+Z1%4+215,2164217

ERASEI=PHI/THETA

IFINT=]

bo 30 1 = 1, 50
MMINT=MZETA

AFINT=A

ZETAG=ZETA .

IF (ZETA «GEe leG) GO TO 32
BFINT = g

CFINTaCeZETASZETA

CALL INTZET(QeslesZlIP)
BFINTSB/ZETA

CFINTaC

CALL INTZET(ODesZETANZIH)
AFINT=AWH

BFINT=0,

CALL INTZET(ZETA»le4215)
ZETASIERASEL/ZIIP*LZIH4+Z]I5))aeRMZETA
GO TO 33

BFINT=B/ZETA

CFINT=C

CALL INTZET(OasslesZll)
BFINT=8

CFINT=CeozETACZETA
ERASE2w],/ZETA

CALL INTZET(O«sERASE2,2]12P)
MMINTSMZETAM

AFINTRAGC

CFINT=O,

CALL INTZET(ERASE2+s104213P)
ZETA=(ERASEL/(Z12P+213P/ZETA)Z]1)eeRMLIETA
DZETA = (ZETA = ZETAG)/ZETAG
IF (ABS(UZETA) +LT. TOLZEY) GO TO 235
IF (1 oGEe 2) GO TO 76
L4=ZETA

12=2ETAG

G0 TO 30

Zi=z4

ZETA 1
/COFLIF/
/INPUT/

JINPUT/

/INPUT/

/INTER/

ZINTER/

/INTER/

/OUTPUT/
JOUTPUT/
/OUTPUT/
/SAVED/

ZETA 16
ZETA 17
ZETA 18
ZETA 19
ZETA 20
ZETA 21
ZETA 24
ZETA 25
ZETA 26
ZETA 27
ZETA 28
2ETA 29
ZETA 230
ZETa 31
ZETA 32
ZETA 323
ZETA 34
ZETA 35
ZETA 36
ZETA 37
ZETA 238
ZETA 39
ZETA 40
ZETA 41
ZETA 42
ZETA 43
ZETA 44
ZETA 45
ZETA 50
ZETA 51
ZETA 52
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30
34
1

50
1
35

a7

38

104

i%z22

Z4wIETA

22%1ETAG

15=(I4=23)/71(22=21)
LETA=(24-25¢22)/(1¢=15)
CONTINVE

WRITE(&4,34) X, ZMEs THETA, PHI

ZETA
ZETA
ZETA
ZETA
ZETA
ZETA
ZETA

FORMAT ( S57HO®*ZETAIT FAILUREsee SHAPE PARAMETER ITERATION FAILUREZETA

vee / 22H0 AXIAL DISTANCE x =, (PE14e¢7,
2 El4+70 SXs BHTHETAL =4 E14e74 55X

WRITE(6,50) Z1ls Z24s ZETAs 23, 24

FORMAT ( 20H ZETA (GUESSED) s,1P3E1647 / 20n ZETA

my 261647 /7 )

IFINT = 2
MMINT=MZETA
AFINT=A
BFINT=B/ZETA

CFINT=C
ZETATM®ZETA®®ZMIETA

IF (LETA +GEe 1e0) GO TO 37
CALL INTZET(D.s2ETALL16)
AFINT=AB
BFINT=D,
CALL INTZET(ZETA1e4217)
ERASE2=Z[4+215
DELSOT=(QOMZET=¢16=2Z17)/ERASE2
DELTASTHETA/ZMIETA/ERASE2
GO To 38
CALL INTZET(Qesles212)
MMINTEMZETAM

AFINTmASC
CFINT=0.
CALL INTZET(1esZETALWLL )
DELTASTHETA/ZMZETA/LIY
DELSOT=({ZETATM/ZMZIETA=213=212)/21)
BOELTA = ZETATMeDELTA
DELSTRsTHETA®DELSOT

RETURN

END

L1IHMACH NO.

ZETA
ZETA
ZETA

(CALCULATED)IZETA

ZETA

ZETA
ZETA
ZETA
ZETA
ZETA

ZETA
ZETA
ZETA
ZETA
ZETA
ZETA
ZETA
2ETA
ZETA
ZETA
ZETA
ZETA
ZETA
ZETA

ZETA
LETA
1ETaA
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